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Modeling  of  implosion  of  nested  tungsten  wire,  arrays  on  the  Z  generator  by  two-dimensional 
magnetohydrodynamic  code  ZETA  including  radiation  transport  with  non-LTE  -  LTE  approximation  is  performed 
in  order  to  reproduce  experimental  results.  It  is  shown  that  it  is  possible  to  fit  the  experimental  results  if  10% 
level  of  initial  mass  perturbation  of  the  tungsten  wire  arrays  is  imposed.  Dynamics  of  implosion,  the  Rayleigh- 
Taylor  instability  developing  are  discussed.  Plasma  of  the  z-pinch  is  in  nonLTE  regime. 


INTRODUCTION 

A  liner  implosion  in  high  current  pulsed  power  generators  permits  to  obtain  dense 
multicharged  ion  plasma  z-pinches  of  improved  quality  and  produce  high  intensity  thermal 
radiation.  High  power  radiation  experimental  results  were  obtained  on  the  generator  Z  of 
Sandia  National  Laboratory  with  tungsten  multiwire  liners  [1].  Pulses  of  soft  X-ray  radiation 
of  a  power  level  greater  than  200  TW  were  reached.  Powerful  flashes  of  radiation  were  obtained 
as  a  result  of  magnetic  compression  induced  by  currents  of  the  order  of  20  MA.  One  half  of  the 
soft  X-ray  radiation  was  due  to  kinetic  energy  of  the  accelerated  plasma  of  wires,  the  other  half 
was  due  to  ohmic  heating  of  the  plasma  pinch  when  reaching  rather  small  cross  section 
(~lmm^). 

In  order  to  increase  the  radiating  power  of  the  z-pinch  plasma  on  Z  they  began  to  implode 
nested  wire  arrays.  One  can  explain  this  increase  in  the  power  by  the  lowering  of  the  level  of 
instabilities  at  the  collision  of  the  two  shells  observed  earlier  in  double  liner  experiments  on 

Angara-5- 1  generator  [2].  So,  at  the  end  of  the  compression  all  the  parts  of  the  plasma  reach  the 
center  close  in  time  and  the  major  part  of  the  radiated  energy  is  emitted  in  a  shorter  time  and 
consequently  the  radiating  power  increases. 

In  this  configuration  on  Z  facility  a  radiation  power  close  to  280TW  was  obtained.  Two 
nested  multiwire  liners  of  tungsten  are  imploded.  The  outer  shell  has  a  mass  of  3.6  mg  put  at  a 
radius  of  2cm,  the  inner  shell  a  mass  of  .91  mg  of  tungsten  put  at  a  radius  of  1cm.  The  total 
height  of  the  load  is  2cm.  The  number  of  wires  of  the  outer  and  inner  liners  are  240  and  120 
respectively. 

The  heating  and  explosion  of  wires  is  accompanied  by  well  known  heat  instability  due  to 
decreasing  of  wire  conductivity  vs  temperature  at  metallic  and  phase  transition  stages.  This 
instability  produces  plasma  mass  perturbations  for  consequent  instabilities. 

One  of  the  main  processes  defining  a  radiation  power  of  the  pinch  is  MHD  plasma 
instabilities  of  the  Rayleigh-Taylor  type  which  develops  mostly  as  axid  and  is  suppressed  in 
azimuthal  direction  by  magnetic  line  strength  forces.  Therefore  it  is  reasonable  in  two- 
dimensional  simulations  of  nested  wire  arrays  to  prefer  r-z  geometry  and  distribute  a  plasma 
density  randomly  inhomogeneously  as  a  cylindrical  double  liner. 

The  goal  of  this  paper  is  to  study  the  implosion  dynamics  of  the  double  liner  and  examine 
the  influence  of  different  levels  of  initial  perturbations  onto  the  z-pinch  quality  and  X-ray 
production  by  means  of  2-D  numerical  simulations  on  examples  of  nested  wire  array 
experiments  on  Z  generator. 
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ZETA  SIMULATIONS 


The  ZETA-code  [3]  was  used  for  the  complete  simulation  of  2-D  multicharged  ion 
plasma  magnetohydrodynamics. 

The  mathematical  model  is  based  on  a  fully  conservative,  implicit  difference  scheme  in 
Euler-Lagrange  variables  with  different  algorithms  for  a  grid  reconstruction.  At  every  time  step 
calculations  run  in  three  stages:  first  -  Lagrange  stage  of  substance  movement  together  with 
radiation  transport  and  magnetic  field,  second  -  grid  reconstruction  if  it  is  necessary  to  avoid  a 
grid  crossing  on  the  next  step,  third  -  Euler  stage  of  the  recalculation  of  values  for  the  new  grid. 

The  physical  model  includes  the  quasi  neutral  plasma  magnetohydrodynamics  with  self- 
consistent  electromagnetic  field,  energy  exchange  between  “electron”  plasma  component  and 
the  “heavy”  one  (i.e.,  ions  and  neutrals)  ,  finite  conductivity,  heat  conduction  and  radiation 
transport.  A  special  attention  in  ZETA  is  paid  for  the  radiation  transport  simulation  which  is 
calculated  in  a  multigroup  semianalytical  self-consistent  model  both  in  LTE  and  in  non-LTE 
regimes. 

To  perform  simulations  for  wire  array  the  tables  of  EOS,  atomic  constants,  spectral 
opacities,  emissivities  and  kinetic  plasma  coefficients  for  tungsten  plasma  in  a  wide  range  of 
temperatures  and  densities  were  calculated  first  by  ZETA  code  pre-processor  THERMOS  in 
LTE  and  nonLTE  limits. 

The  initial  geometry  and  liner  masses  were  taken  from  experimental  data  of  nested  liners. 
Large  amount  of  wires  should  provide  almost  uniform  cylindrical  plasma  liners  after 
explosion  of  metal  wires  due  to  Joule  heating  and  their  plasma  merger .  The  merger  of  plasmas 
of  wires  occurs  earlier  than  its  implosion  by  collective  magnetic  field  if  the  distance  between 

2nR  I  c^t 

neighboring  wires  d  = -  is  less  than  the  skin  depth  A  =  J -  {R  -  radius  of  the  wire 

N  V  2kg 

array,  N  -  the  number  of  wires  in  it,  g  -  characteristic  conductivity  of  the  wire  plasma  during 
expansion,  t  -  time  of  its  expansion),  i.e.  d«A.  This  condition  is  satisfied  in  those  Z 
experiments  unlike  of  previous  ones  [4]  where  wire  arrays  imploded  as  separate  plasma 
streams.  So  at  initial  time  outer  and  inner  liner  masses  were  distributed  as  cylindrical  shells  with 
thickness  1mm  both  on  the  respective  radii  with  initial  temperature  more  than  the  tungsten 
sublimation  temperature  assuming  that  the  explosion  of  the  wires  and  the  cylindrical  shell 
formation  take  relatively  short  time  (estimations  show  several  tens  nanoseconds  on  a  pre-pulse 
stage  yet).  The  density  of  the  liners  were  randomly  disturbed  with  different  levels  (5%,  10%)  or 
undisturbed. 

The  simulation  of  the  liner  implosion  was  in  a  pure  eulerian  mode. 

A  coupling  of  the  z-pinch  with  the  pulsed  power  generator  was  modeled  by  an  electrical 
circuit  with  a  given  electromagnetic  wave  (voltage  pulse  maximum  2U=5.4  MV),  resistance, 
inductanc  and  variable  load  (z-pinch)  similar  to  the  Z  output  parameters.  During  the  double  liner 
implosion  the  total  current  reached  18-19  MA  depending  on  the  load. 

For  comparison  we  present  here  results  of  3  tasks  including  radiation  transport  with 
nested  wire  arrays.  The  sizes  of  the  loads  are  the  same  in  the  3  cases:  inner  shell  1cm  radius, 
outer  shell  2cm  radius  height  2cm: 

(i)  inner  mass  0.93mg,  outer  mass  3.6mg,  10%  level  of  perturbation  distributed 

randomly  along  the  z-axis,  i.e.  the  mass  density  varies  randomly  along  z  between  p  and 
p-H0%. 

(ii) inner  mass  0.93mg,  outer  mass  3.6mg,  no  perturbation  on  the  inner  shell,  5% 
perturbation  on  the  outer  shell. 

(iii) inner  mass  2.8mg,  outer  mass  2.8mg,  no  perturbation  on  the  inner  shell,  5% 
perturbation  on  the  outer  shell. 

As  a  result  of  the  calculations,  we  plot  on  the  same  graph  the  currents  and  the  radiating 
powers  function  of  time  for  the  3  configurations.  The  time  is  taken  from  the  beginning  of  the 
voltage  pulse. 

Figure  1  shows  the  result  on  a  wide  time  range  in  order  to  see  at  what  time  inside  the 
current  pulse  the  x-ray  emission  occurs.  The  x-ray  power  is  maximum  at  the  final  compression 
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Figure  2.  Radiation  pulses  on  a  reduced  time  scale  to  see  more  details. 

of  the  plasma  about  140ns  after  the  start  of  the  current.  On  figure  2  the  radiative  pulses 
are  represented  in  details. 

Curve  (i)  gives  the  peak  power  (286TW).  The  level  of  perturbation  in  this  case  is  10% 
so  the  compression  is  unstable  and  at  the  pinch  the  different  parts  of  the  plasma  do  not  reach  the 
center  at  the  same  time.  This  is  shown  of  figure  3  where  are  represented  the  spatial  distributions 
of  mass  density  at  different  time  moments:  a  -  before  strike,  b  -  after  strike  and  c  -  at  z-pinch 
peak  power  emission.  The  external  surface  of  the  outer  liner  is  unstable,  its  internal  surface  is 
closely  stable  before  strike,  during  strike  the  effective  thickness  of  merged  liners  decreases,  but 
after  closer  to  the  axis  perturbations  of  the  inner  surface  as  of  the  outer  one  increases  . 
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The  dense  plasma  of  a  z-pinch  is  concentrated  in  several  high  density  points,  but  the 
surrounding  plasma  is  dense  enough  to  reabsorb  a  part  of  radiation  and  as  a  result  an  electron 
plasma  temperature  distribution  on  the  z-direction  of  the  pinch  is  more  homogeneous  than 
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Figure  3.  The  history  of  implosion  for  the  simulation  (i):  :  a  -  the  density  before  strike  of  the  liners,  b  - 
after  strike,  c  -  at  z-pinch  peak  power  emission  and  d  -  the  electron  temperature  at  this  moment.  The  box  has  2.67 
cm  along  R  axis  and  2  cm  along  Z  axis.  The  initial  positions  of  two  liners  are  marked  at  R=lcm  and  R=2cm 


density,  this  is  shown  on  the  figure  3  d.  The  plasma  of  the  pinch  at  the  moment  of 
radiation  power  peak  is  in  non-LTE  regime  (the  effective  nonequilibrium  degree  - ratio 

Upi 


of  the  real  radiation  energy  density  to  the  planckian  one  is  not  more  than  0.03).  Such  value  of  ^ 
is  sufficiently  large  to  make  difference  from  transparent  nonLTE  case  on  one  side  and  LTE  on 
the  other  side,  for  example  average  ion  charge  for  transparent  nonLTE  plasma  for  the  typical  z- 

pinch  parameters  Te=300eV,  p=0.06g/c.c.  is  z=17.76,  for  LTE  z=42.15  but  for  ^=0.03 
z=27.03.  Large  differences  are  in  spectral  properties  of  z-pinch  plasma.  On  the  figure  4  the 
calculated  spectral  power  of  the  pinch  is  shown. 

Curve(ii)  gives  the  greatest  peak  power.  Curve  (iii)  has  an  intermediate  value  for  the  peak 
power.  Curves  (ii)  and  (iii)  have  the  same  level  of  initial  perturbation.  Density  distributions  of  z- 
pinches  are  very  smooth  in  z-direction  in  these  two  cases.  So  due  to  this  low  level  of  instability 
at  the  final  pinch,  the  main  part  of  the  plasma  reaches  the  center  very  close  in  time.  The  radiative 
pulse  is  less  spread  in  time  and  consequently  the  power  is  higher.  Continuing  to  compare  (ii) 
and  (iii),  we  can  say  that  when  the  mass  of  the  outer  shell  is  four  times  the  inner  one  (curve  (ii)) 
the  power  is  greater.  This  is  due  to  a  greater  kinetic  energy  of  plasma  after  collision  of  the  two 
shells. 
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Shot140:  spectral  radiation  intensity 


Figure  4.  The  z-pinch  radiation  spectral  power  at  the  power  peak  in  a  multigroup  representation  for  the 
simulation  (i): 

CONCLUSION 

In  conclusion  we  have  been  able  to  model  with  the  code  ZETA  experiments  on  the  Z 
generator  and  to  recover  the  amount  of  radiating  power  obtained  and  the  time  of  final 
compression  accepting  some  amount  of  instability  during  the  time  evolution  of  the  liner. 

The  presented  results  of  2-D  double  liner  modeling  of  nested  wire  array  implosion  show  that  the 
best  fit  with  the  experimental  data  on  the  Z  facility  is  for  10%  random  level  of  perturbations  on 
initial  density.  Consequently,  the  level  of  instability  during  the  compression  is  pretty  high  and 
this  lowers  the  peak  radiation  power  comparatively  to  a  smooth  compression  close  to  ID 
evolution  of  the  liners.  The  plasma  of  the  z-pinch  is  in  a  nonLTE  regime  and  thermal  radiation 
reabsorption  is  significant. 

This  work  has  been  performed  with  the  support  of  D.G.A.  -  Centre  d’Etude  de  Gramat. 
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Abstract.  Paper  presents  the  results  of  bremsstrahlung  spectra  investigation  at  the  range  of  20- 
200  keV.  Spectra  emitted  by  plasma  focus  device  (U=14  kV,  1=360  kA)  were  registered  by 
transmission  spectrograph.  Analysis  has  shown  the  maximum  of  intensity  corresponds  to  150 
keV,  anode  surface  was  determined  as  emitting  bremsstrahlung  and  characteristics  spectra  due  to 
the  bombardment  by  electron  beam  with  energy  about  200  keV. 


Introduction 

Creation  of  pulsed  radiation  source  with  energy  more  than  10  keV,  and  elucidation  of 
interaction  of  such  emission  with  different  materials  are  of  great  interest.  Among  probable 
sources  of  such  radiation  z-pinch  devices  may  be  characterized  as  enough  simple  in  operation 
and  relatively  cheap  for  manufacturing. 

The  goal  of  this  paper  is  to  investigate  bremsstrahlung  and  x-ray  line  emission  at  the  range 
20-200  keV,  radiated  from  plasma  focus  discharge. 

X-ray  emission  of  these  energy  range  is  nontrivial  for  registration  and  especially  for  correct 
interpretation  of  data  obtained.  The  point  is  that  interaction  of  20-200  keV  x-rays  with 
different  materials  (detectors)  is  strongly  depend  on  energy,  what  may  be  stated  for  such  the 
effects  as  luminosity,  thermoluminosity,  phosforescence,  photoconductivity,  photo  chemical 
processes.  Therefore  x-ray  measurements  of  this  spectral  range,  made  without  spectral 
resolution,  might  lead  to  essential  mistakes,  because  as  a  rule  to  interpret  such  the  results  one 
needs  to  assume  some  spectral  distribution  apriore. 

So  spectral  resolution  and  knowledge  of  spectral  characteristics  of  detectors  are  highly 
recommended.  Ross  filter  approach  [1]  provides  spectral  resolution,  but  the  difficulties  are  that 
quite  compensated  pairs  of  filters  are  expensive,  and  measurements  can  be  performed  for 
limited  number  of  values  of  energy. 

We  used  transmission  x-ray  spectrograph,  supplied  with  pair  film-luminophor  LaOBr  to 
measure  mentioned  spectra  range.  This  type  of  device  are  successfully  applied  to  line  spectra 
registration  [2],  present  paper  describes  in  more  detail  another  effective  ability  of  transmission 
x-ray  instruments,  namely  bremsstrahlung  spectra  measurements. 

Experimental  set  up  and  diagnostics 


Experimental  facility  [3]  is  schematically  shown  in  Fig.l.  Discharge  chamber  was  supplied 
with  metal  liner  1000mm  in  diameter,  Cu  anode,  700  mm  in  diameter  with  special  insertion 
(D=50  mm).  Ta,  Mo,  Wo  were  used  as  insertion  materials.  Camera  was  filled  with  Ar  at 
pressure  P~30  Pa,  experiments  were  done  at  U=14  kV  and  1=360  kA.  Z-pinch  diagnostics, 
situated  at  the  upper  flange  of  the  chamber  were; 
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Fig.  1.  Diagnostics  accomodation.  1-pinhole  camera,  2-mica 
spectrograph,  3-Cauchios  device. 


1.  Pinhole-camera  to  obtain  image  in 
x-rays,  with  a  hole  diameter  about  100 
Itm;  320  mm  plasma  to  pinhole  distance 
and  magnification,  equal  to  1:8. 

2.  X-ray  spectrograph  with  convex 
mica  crystal  [4]  for  registering  line 
spectra  at  the  range  1-19  A,  plasma  - 
crystal  distance  L  about  490  mm, 

3.  Time  integrated  bremsstrahlung 
and  line  spectra  at  the  range  of  20-200 
keV,  transmitted  through  150  |im  Be 
filter,  was  registered  with  Cauchois 
device,  in  which  using  of  six  different 
transmission  crystals  is  a  possibility. 


Crystal  unit  can  be  aligned  with  regard  to  detector  part  in  order  to  obtain  high  quality  spectra. 
Central  part  of  crystal  unit  is  supplied  by  camera  obscure,  needed  for  alignment  of  the  device. 

The  dispersive  elements  comprised  three  quartz  crystals  used  simultaneously  with  the 
following  working  cuts;  1010  (2d=8,5  A),  1120  (2d=4,9  A),  1340  (2d=  2,36  A)  geometrical 
sizes  of  each  crystals  is  6X80  mm2,  radius  of  curvature  R=600  mm.  Pumping  of  the  device 
was  not  necessary  due  to  high  penetration  of  studied  x-rays. 

Fig.  2  shows  Cu  k-alpha  emission,  registered  in  the  first  order  of  reflection  with  quartz 
crystal  1340  (2d=2,36A),  in  the  first,  second  and  third  orders  of  reflection,  registered  with 
crystal  1010,  and  spectra  in  the  first  order  of  reflection,  registered  with  1 120  quartz  crystal. 


Fig.  2.  Cu  K-alpha,  registered  in  the  first  order  of  reflection  from  crystal  1340  (upper  spectra),  in  the 
first,  second  and  third  orders  of  reflection  from  the  crystallOlO  (middle  spectra),  in  the  first  order  of 
reflection,  from  crystal  1120  (lower  spectra). 

Reflection  coefficient  of  quartz  1340  in  the  first  order  of  reflection  is  more  than  ten  times 
larger,  than  those  of  the  other  orders,  reflected  by  this  crystal,  therefore  we  analyzed  the  data 
from  1340  crystal  only,  where  there  is  no  orders  overlapp. 

The  pair  of  RM-K  film  and  luminophour  LaOBr  with  density  40  mg/cm^  was  used  as  a 
detector.  The  same  pair  is  well  studed  and  widely  used  in  radiology,  this  region  of  medical 
science  has  more  than  50  years  expirience  in  minimizing  x-ray  exposition  just  at  the  range  50- 
150  keV.  Luminescence  spectra  of  LaOBr  contains  four  lines  (3800-4800A),  what 
corresponds  to  maximal  sensitivity  region  of  RM-K  film. 
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Absolute  calibration  of  this  pair  was  made  with  X-ray  tube  (U=75kV,  1=10  mA)  and 
ionization  chamber  as  a  detector.  Aluminum  filter  of  7  mm  thickness  was  used  for  selection  of 
necessary  spectra  range  in  bremsstrahlung  spectra.  Fig.3  shows  the  results  of  this  calibration 
for  RM-K  film.  Jamma  coefficient  is  equal  to  2,15,  maximal  and  minimal  film  density  are  3,0 
and  0,2  correspondingly.  Radiation  dose  equal  to  0,001  roentgen  provides  film  density  D=l. 

It  was  experimentally  shown,  that  within 
investigated  energy  range  the  pair  of  RM-K 


film  and  LaOBr  luminophor  is  at  least  ten 
times  more  effective  than  single  film. 
Application  of  this  pair  permitted  us  to 
obtain  bremsstrahlung  spectra  from  one 
shot.  Simple  relation  was  used  to  determine 
the  position  of  x-rays  with  energy  E  on  the 
film:  X=2re, 

where  2r-radius  of  the  crystal,  0-reflection 
angle.  Bragg,s  law  was  used  in  the  following 
suitable  form: 

sin0=5,25/E, 

where  E-energy  of  x-rays  in  keV,  0- 


Fig.  3.  Calibration  curve  of  RM-K  and  LaOBr.  reflection  angle,  which  were  within  1,5-30 


degrees. 


Results  and  discussion. 


Densitogramm  of  the  spectrograph  film  exposured  in  one  shot  of  plasma  focus  machine, 
supplied  with  flat  Mo  insertion,  is  represented  on  Fig.  4.  Maximum  film  density  corresponds  to 
the  energy  about  80-100  keV.  Film  density  at  the  energies  less  than  20  keV  is  practically  equal 

to  background  density  0,2.  Analysis  of  such  the 
densitogramm  permits  one  to  obtain  intensity  on 
energy  distribution  of  spectra  emitted  from  plasma 
after  the  account  of: 

1)  luminophor  efficiency  G(E)  vs  energy, 

2)  reflection  coefficient  of  quartz  crystal  K(E)  vs 
energy, 

3)  transmission  coefficient  of  quartz  crystal  T(E) 
vs  energy, 

4)  transmission  coefficient  Kb(E)  of  Be  filter 

Fig.4.Densitogramin  of  bremsstrahlung  5)  dispersive  curve  of  the  device  . 

spectra,  obtained  in  one  shot.  a  ^  .  v  r-  •  -n  r  u..  t  -xa  j  u 

Actually,  intensity  of  visible  light  Ix,  emitted  by 

luminophor,  radiated  with  x-rays  of  energy  Ex  (position  on  the  film  with  coordinate  X=2r0, 

where  0  corresponds  to  the  energy  Ex)  may  be  expressed  as  follows: 

Ix~G(Ex)*Nx*Ex*(dEx/dx)*Kb(Ex)*T(Ex)*K(Ex) 
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where  Nx-number  of  x-ray  photons  with  energy  Ex  per  1  cm^,  dEx/dx~l/E^.  Flat  crystal  has 
complicated  reflection  coefficient  on  energy  dependence,  but  for  bent  quartz  (1340)  crystal  it  is 
known  that  K(E)~1/E^,  and  K(E)=3’''10'*  rad.  for  E=50  keV  [5],  We  assume  that  transmission 

coefficient  of  film  for  20-200  keV  x-rays 
is  1,  also  Kb~l,  T(E)~1.  G(Ex)  were 
calculated,  using  table  data,  are  given  on 

8.  r\  Figs. 

^  /  \  Referring  to  [6],  experimental  data 

e  -  /  \  for  different  luminophors  are  in  close 

S  f  \  agreement  with  calculated  one,  therefore 

i  I  \  we  made  absolute  calibration  of  pair 

@  /  \  film-luminophor  for  one  energy  E=50 

®  ^  '  keV. 

Q  Relative  intensity  I~Nx*Ex  on  energy 

0  60  100  150  200  250  dependence  is  shown  on  Fig.6. 

Maximum  of  intensity  is  near  1 50  keV. 

Fig.  5.  LaOBr  eifectivity.  We  assume  this  spectra  is  emitted  by 

anode  surface,  bombarded  with  electron 

beam,  generated  in  plasma,  which  is 

transparent  for  20-200  kev  (obscure 

shows  5  mm  in  diameter  plasma  region, 

localized  in  close  vicinity  to  the  anode 

8  -  surface).  Relative  intensities  of  Mo  K- 

I  /  alpha,  K  beta  lines,  registered  with 

•e  /  Cauchios  device,  are  similar  to  that, 

>  4  -  /  known  for  x-ray  tube,  so  one  can  assume 

c  /  these  lines  emitted  from  the  anode 

S  surface. 

0  ■  Bremsstralung  spectra  obtained  is 

0  60  100  160  200  250  different  with  spectra,  presented  in  [7]. 

E.kev  Authors,  using  the  detectors,  covered  by 

,  „  .  .  .  ^  ^  different  filters,  received  the  more  soft  x- 

S.  Relative  intensity  of  bremsstrahlung  spectra  ,  emitted  i  xr 

plasma  focus  discharge  in  direction,  perpendicular  to  z-  "^y  emission  with  maximum  near  50  keV, 

registered  in  the  direction,  perpendicular 

to  that,  described  in  this  paper. 

Remembering  the  distribution  of  bremsstrahlung  emission  from  x-ray  tube,  we  find  quite 
reasonable  the  direction  of  observation  of  Cauchious  device,  described  here,  to  be  enriched 
with  hard  x-rays  in  comparison  with  direction^  analyzed  in  [7]. 

Total  energy  per  centimeter  at  the  range  20-200  keV,  emitted  from  plasma  and  anode 
surface  in  the  investigated  direction  is  about  lO"^  J/cm^,  total  x-ray  yield  at  20-200  keV  is  not 
more  than  5J  for  one  shot.  Maximal  electron  beam  energy  is  estimated  not  more  than  200  keV, 
maximal  electron  beam  current  is  10  kA.  This  experimantal  results  are  in  close  agreement  with 
electron  beam  theory,  suggested  in  [8]. 


Fig.  6.  Relative  intensity  of  bremsstrahlung  spectra  ,  emitted 
from  plasma  focus  discharge  in  direction,  perpendicular  to  z- 


Summary 

1 .  Bremsstruhlung  spectra  at  the  range  20-200  keV  ,  emitted  from  plasma  focus  with  Mo 
anode  insertion  could  be  registered  from  one  shot. 
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2.  K-alpha  lines  of  Mo  were  also  registered,  relative  intensities  of  these  group  of  line 
testifies  the  anode  being  the  source  of  these  lines. 

3. Bremsstrahlung  spectra  of  above  mentioned  range  is  emitted  from  the  anode  surface, 
bombarded  by  electron  beam,  generated  in  plasma.  Energy  of  electron  beam  in  our  experiment 
is  not  more  than  200  keV,  electron  beam  current  10  kA..  Energy  per  cm^  at  the  range  of  20- 
200  keV  in  the  direction  of  investigation  was  10'^...J/cm^,  total  x-ray  yield  is  not  more  than  5  J. 

4.  Small  Cauchious  devices  (with  crystal  radius  less  than  Im)  might  be  succesfully  used  for 
investigation  of  both  line  and  continious  spectra,  emitted  from  z-pinch  apparatus. 

In  conclusion  authors  express  their  gratitude  to  Prof  N.Filippov  for  scientific  interest  and 
help  in  experiment  and  colleagues  from  his  laboratory  for  technical  assistance. 
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1.  INTRODUCTION 

Semiconductor  detectors  can  provide 
measurements  of  the  X-ray  emission 
spectra  from  z-pinch  plasmas  with  spectral, 
time  and  spatial  resolution  simultaneously. 
PIN  detectors  working  in  the  current 
regime  (up  to  1  A),  fast  enough  ( 1  nsec  rise 
time),  and  small  enough  ( 1  to  3  mm'  active 
area)  are  suitable,  provided  the  X-ray 
spectral  resolution  is  achieved  by  some 
element  external  to  the  detector  before  the 
X-ray  flux  is  reaching  its  sensitive  area. 
Ross  (or  balanced)  filters  [1]  are  especially 
useful  for  this  X-ray  filtration  system.  A 
Ross  filter  system  was  designed  and  built 
for  the  investigation  of  the  NeIX  and  NeX 
line  emission  [2]. 

The  experiments  were  carried  out  on 
the  moderate  density  and  temperature  Ne 
plasma  (14  mm  length  and  approximately 
<1  mm  final  diameter)  produced  in  a  1.2 
ps,  300  kA  gas-puff  z-pinch  device.  The 
current  is  measured  by  an  absolutely 
calibrated  one  turn  B-dot  coil  located  at  8 
cm  distance  from  the  z-axis.  We  are 
reporting  the  first  results  of  the  NeIX  and 
NeX  ion  line  emission  measurements  using 
the  recently  built  Ross  filter  diagnostic. 

2.  EXPERIMENTAL  SETUP 

A  basic  Ross  filter  system  consists  of 
two  identical  detectors  placed  behind  two 
X-ray  absorbing  foils  (or  layers)  that  are 
looking  at  the  same  plasma  volume.  This 
pair  of  foils  (or  layers)  is  made  of  elements 


or  compounds  with  adjacent  or  nearly 
adjacent  atomic  numbers  Z.  The  foil 
thickness  is  adjusted  to  achieve  matched 
transmission  curves  over  the  entire  energy 
range  except  within  the  narrow  region 
between  their  absoiption  edges  (L,„  or  K). 
The  difference  of  the  energies  of  the 
absorption  edges  (L,,,  or  K)  of  the  foils  thus 
defines  the  energy  pass  band  of  the  Ross 
filter.  The  adjusted  thickness  makes  the 
transmitted  spectra  to  be  identical  for  all 
the  energies  except  those  lying  within  this 
energy  pass  band.  Since  the  transmission 
characteristics  of  the  foils  above  and  below 
their  absorption  edges  (L,,,  or  K)  are  the 
same,  any  difference  in  the  two  detected 
signals  is  proportional  to  the  total  X-ray 
power  detected  between  these  two  edges. 
The  off-line  calculated  signal  difference  is 
thus  directly  related  to  the  total  incident  X- 
ray  power  within  the  Ross  filter  energy 
pass  band. 

The  theory  and  principles  of  the  Ross 
filters  were  applied  to  the  computer 
modeling  (using  the  collisional  radiative 
code  that  is  taking  into  account  the 
opacity)  for  the  design  of  a  three  channel 
spectrometer  for  investigating  NeIX 
(E=0.99202  keV)  and  NeX  (E=  1.02 15  keV 
and  E=  1.02 195  keV)  lines  simultaneously 
providing  spectral,  time  (nsec,  rise  time), 
and  spatial  (2  mm  active  surface  diameter) 
resolution.  For  electron  temperature  within 
the  range  100  eV  to  1000  eV  NeIX  and 
NeX  are  the  only  line  emitting  ions  (Fig.l). 


577- 


Fig.l  Fractional  abundance  of  the  Ne  ions  as  a 
function  of  T,  for  n^-IO’"  cm  '  (collisional  radiative 
code  results). 

The  spectrometer  is  composed  of  six 
Quantrad  003-PIN-035-UM  X-ray  diodes 
(3  mm"  sensitive  area,  0.7  pm  Si  entrance 
window,  and  35  pm  Si  sensitive  depth)  and 
three  L,|-edge  Ross  filters  placed  88  cm 
from  the  pinch  axis.  The  Ross  filters  are 
micron  and  sub-micron  single,  double,  and 
triple-coating  layers  of  Ni,  Cu,  Zn,  and 
Ga,©,  on  a  soft  X-ray  transparent  support. 
The  filter  set  was  carefully  designed  based 
on  a  previously  observed  spectrum 
(obtained  using  a  convex  Mica  crystal  and 
an  X-ray  film).  The  L,,,  absorption  edges 
[3]  are  strategically  chosen  so  that  to  fall  in 
between  the  NeIX  and  NeX  ions  lines 
(Fig. 2)  and  the  transmissions  outside  the 
energy  pass  bands  are  identical  (Fig. 3). 
The  Zn  filter  (Lm-edge  at  E=  1.02 18  keV) 
discriminates  the  1/2- 1/2  (E=  1.02 15  keV) 
and  1/2-3/2  (E=1.02195  keV)  fine  structure 
components  of  the  ls-2p  NeX  Lyaline. 

The  first  experiments  were  performed 
with  four  channels  looking  at  the  plasma 
from  the  radial  direction  and  using  the 
Ross  filters  (1)  and  (2).  The  axial  spatial 
resolution  was  2  mm  achieved  by  means  of 
a  lead  collimator  and  the  temporal 
resolution  was  defined  by  the  1  ns  rise  time 
of  the  detector  and  the  digital  oscilloscope 
used,  which  had  a  2Gs/s  sampling  rate  with 
a  500  MHz  bandwidth. 


X  10' 


Fig. 2  Linear  absorption  coefficient  of  Ni,  Cu,  Zn, 
and  Ga  showing  the  L,,,  edges  and  the  experimental 
and  modeled  NeIX  and  NeX  line  spectra. 


E,  keV 

Fig. 3  Composition  and  transmission  of  the  Ross 
filters  for  NeIX  and  NeX  lines. 

The  identical  behavior  of  the  channels 
for  NeIX  and  NeX  lines  was  checked  by 
recording  the  signals  from  X-rays  passing 
through  both  a  15  pm  Be  filter  and,  to 
avoid  saturation  of  the  signal,  a  1.1  pm  Cu 
filter  which  covered  all  four  of  the 
detectors.  The  difference  of  the 
corresponding  pairs  of  signals  gave  the 
zero  line  within  the  noise  level  as  it  is 
needed  (Fig.4). 
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Shot  no.  2 


Time  (ns) 


Fig.  4  Channel  balance  check,  (a)  Traces  of  dUcit 
(solid  line)  and  the  current  /  (dashed  line) 
measured  by  the  B-dot  probe;  (b)-(c)  The  four  X- 
ray  signals  measured  through  the  same  15  pm  Be 
and  l.I  pm  Cu  Ross  filter;  (d)  The  difference  of 
the  X-ray  signals  showing  an  identical  response  by 
giving  the  zero  level. 


3.  RESULTS 

The  NeIX  and  NeX  line  evolution 
was  recorded  in  a  series  of  shots,  some  of 
them  presenting  a  multiple  pinch  structure 
(Fig.5). 

An  example  of  line  power  evolution 
and  calculated  total  energy  of  the  NeIX 
and  NeX  lines  is  presented  in  Fig.  6.  The 
NeIX  line  emission  is  starting  well  before 
NeX  line  and  is  still  existing  long  after  the 
NeX  line  has  disappeared.  Interesting  fast 
time-scale  phenomena  can  be  observed 
throughout  the  emission  process  such  as 
the  early  “pedestal”  (flat  signal  of  the 
NeIX  and  very  small  NeX  powers)  which 
is  related  to  a  poor  compression  of  the 
plasma  column  as  indicated  by  the  low 
amplitude  of  the  B-dot  signal  at  the 
maximum  compression  time.  The  different 
time-resolved  power  signals  (peaked  for 


the  NeX  line)  can  be  analyzed  by  relating 
them  to  collisional  radiative  code  results. 
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Fig.  5  NeIX  and  NeX  line  evolution  in  a  inultiplc- 
pinch  structure  shot,  (a)  Traces  ^)\'dl/dt  (.solid  line) 
and  the  current  /  (dashed  line);  (b)  Timc-rcsolvcd 
(Cu,  Ni)  Ross  filter-PIN  diode  X-ray  signal:  (c) 
Time-resolved  (Zn,  Cu)  Ross  filter-PIN  diode  X- 
ray  signal;  (d)  X-ray  NeIX  and  NeX  line  power 
measured  by  the  Ross  filter  system  and  determined 
from  the  difference  in  the  respective  detector 
signals. 


Shot  no.  33 


Tim©  (ns) 

Fig.  6  Detailed  line  evolution  of  the  NeIX  and 
NeX  as  measured  by  the  Ross  filters. 
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The  typical  shots  with  good  pinch 
compression  produced  enough  X-ray 
signal  to  saturate  at  least  one  channel  (Fig. 
7). 


Shot  no.  36 


Time  (ns) 

Fig.  7  NeIX  and  NeX  line  evolution  in  a  shot  with 
saturated  X-ray  signals. 
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Fig.  8  Comparison  between  the  two  shots  showing 
the  absence  of  the  pedestal  (pre-pinch)  for  higher 
X-ray  power  emission. 


Despite  the  apparent  drawback  of  tlie 
impossibility  of  following  the  signal 
evolution  within  the  saturation  period, 
these  data  showed  us  that  narrowing  the 
slit  for  achieving  a  better  .spatial  resolution 
will  still  provide  large  enough  signals. 

In  the  case  of  high  X-ray  power 
emission  the  absence  of  the  “pedestal”  is 
noted,  as  well  as  a  fast  rise  time  and  a 
smaller  full  width  half  maximum  of  the 
signal  (Fig.  8). 

SUMMARY 

Using  the  L,,,  absorption  edges  of  Ni. 
Cu,  and  Zn  filters  the  time  evolution  of  the 
NeIX  line  and  the  low  energy  Ly,/ 
component  of  the  NeX  ls-2p  line  were 
investigated  with  a  500  MHz  bandwidth.  2 
Gs/s  time  resolution  for  a  region  of  2  mm 
in  length  along  the  axial  direction  of  the  z- 
pinch.  The  finst  results  look  very 
promising  and  the  data  obtained  will  be 
further  analyzed  and  additional 
experiments  will  be  performed. 

ACKNOWLEDGMENTS 

The  authors  are  pleased  to  thank  V. 
Tsitrin  for  providing  the  code  results  and 
P.  Meiri  for  outstanding  technical  support. 

REFERENCES 

[I]  P.A.  Ross,  Phys.  Rev.  28.  425  (1926);  P.A. 
Ross,  J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Inst.  16.  4.t.t 
(1928). 

12]  I.N.  Bogatu,  ct  al.,  paper  pThpP4. 15.  presented 
at  the  APS  Division  of  Plasma  Physics  Annual 
Meeting,  Pittsburgh,  November  17  to  21.  1997. 

[3]  B.L.  Henke  et  al.,  ADNDT,  54,  2  ( 1 993 )  1 8 1 . 


-580- 


GENERATION  OF  POWERFUL  BREMSSTRAHLUNG 
IN  A  HEAVY  GAS  TARGET 

V.  V.  Chomv,  O.  I.  Frolov,  V.  M.  Dubina,  V.  T.  Kolisnyk,  G.  V.  Tsepilov,  V.  S.  Solovjov 

Kharkov  State  University 

(Svohoda  Sq.,4-  310077  Kharkov  Ukraine.  E-mail:  chorny@pht.  univer.kharkov.ua.) 


The  results  of  experimental  researches  of  Bremsstrahlung  gas  converters  are  reported  in 
the  paper.  The  idea  to  use  some  heavy  gas  for  Bremsstrahlung  generation  was  offered  in  [1], 
To  increase  the  radiation  loss  density  of  electrons  in  gas  the  electron  gradient  drift  in 
azimuthal  magnetic  field  produced  by  line  current  is  used. 

The  gas  converter  experiments  have  been  performed  on  «Nadezshda»  nanosecond 
electron  accelerator  at  about  1  MeV  accelerating  voltage  and  7  Ohm  output  impedance  of  the 
double  forming  line  (DFL). 

As  we  have  noted  earlier  [2]  the  efficiency  of  energy  transfer  from  the  accelerator  diode 
into  gas  depends  much  upon  the  conditions  upon  which  the  electron  beam  is  injected  from  the 
diode  into  the  regular  drift  region.  Therefore,  a  special  attention  in  our  experiments  was  given 
to  avoiding  the  beam  loss  in  the  transition  region  between  the  accelerator  diode  and  the  region 
(regular  along  the  interaction  chamber  axis)  of  the  magnetic  field. 


Aluminized  mylar 


Fig.l 

Schematically  the  diode  and  transient  region  are  shown  in  Fig.l.  To  avoid  the  electron 
loss  in  the  anode  and  in  the  current  leading  needles,  that  are  placed  behind  the  anode,  the 
beam  output  window  is  made  of  three  segments  covered  with  thin  aluminized  mylar  film.  The 
cathode  construction  ensures  the  electron  emission  exactly  in  the  output  window  region.  To 
support  the  possibility  of  regulating  the  gradient  magnetic  field  behind  the  anode  three  needles 
were  used  that  allowed  to  choose  the  optimal  h/Ii  current  ratio.  Xe  was  used  as  a  working  gas. 
The  diode  functioning  was  studied  in  two  operative  conditions:  in  the  first  case  it  was  a  high- 
resistance  diode  at  about  30  Ohm  impedance  which  was  used  to  eliminate  the  beam  pinching 
at  the  anode  center.  Since  the  beam  divergence  was  great  and  its  energy  was  partially  lost 
outside  the  output  windows  because  of  big  anode-cathode  gap,  the  other  version  of  the  diode 
has  been  performed  to  operate  at  6. 5-7.0  Ohm  impedance.  A  portion  of  this  diode  back  current 
flew  inside  the  cathode  and  shorted  to  the  outside  current  lead  through  the  cathode  transition 
isolated  by  the  own  magnetic  field.  This  diode  enabled  the  injection  of  the  practically  entire 
electron  current  into  the  space  above  the  anode. 


This  work  is  .supported  by  Science  and  Technology  Centre  in  Ukraine,  grant  #125 
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THE  EXPERIMENTAL  RESULTS 


Fig.  2  presents  the  photographs  made  in  visible  1  and  in  X-rays  2.  3  of  the  gas  converter 
for  a  high-resistance  diode,  operating  at  different  electron  beam  parameters,  azimuthal 
magnetic  field  strength  and  gas  density. 


Fig.  2 


Fig.  3 


Fig. 3  presents  the  photographs  of  analogous  converter  for  a  convalutive  diode.  From 
these  photographs  one  can  see  that  by  varying  the  gas  density  and  the  azimuthal  magnetic  field 
strength  (owing  to  varying  the  magnitude  of  the  conductor  current  at  the  drift  chamber  axis) 
one  can  vary  the  radiation  source  dimensions  thereby  providing  the  entire  beam  energy  to  be 
absorbed  in  the  gas  space.  Due  to  small  mass  thickness  of  the  target  in  its  radial  direction  the 
effective  output  of  low-energy  X-ray  photons  is  achieved.  The  X-rays  absorption  by  the  output 
windows  and  by  the  medium  filling  the  space  between  the  output  window  and  the  irradiated 
object  determines  the  low-energy  boundary  of  the  radiative  spectrum. 

In  Fig.  4  an  example  of  the  spectrum  on  cylindrical  chamber  surface  for  the  accelerator 
pulse  whose  typical  traces  are  shown  in  Fig. 5  is  presented.  The  chamber  is  made  of  plexiglass, 
its  diameter  -  130  mm  and  wall  thickness  -  1mm. 


Figs.  6  and  7  show  the  dependencies  of  distribution  of  the  radiation  emerging  along  its 
radius  upon  the  distance  to  the  anode  for  different  types  of  diodes. 


Fig.  6.  Dose  profiles  along  the  gas  target  for 
the  high-resistance  diode.  Diode  voltage  - 
650kV;  conductor  current  -  35  kA;  Xe  pressure 
in  the  chamber:  1-0.5  at,  2-0.25  at,  3-0.1  at. 


Fig.  7.  Dose  profiles  along  the  gas  target 
for  the  convalutive  diode.  Diode  voltage  - 
500kV;  axial  conductor  current  -  20  kA;  Xe 
pressure  in  the  chamber:  1-0. 3at,  2-0.2at. 


Fig.  8  shows  the  influence  of  the  magnetic  field  strength  on  the  length  of  the  electron 
beam  energy  deposition  in  gas. 


Fig.  8.  Dependence  of  dose  profiles  along  the  gas  target  upon  the  magnitude  of  the  axial 
conductor  current.  1-  44  kA;  2-36  kA;  3-26  kA.  The  diode  voltage  -  650  kV\Xe  pressure 
in  the  chamber  -  0.5  at. 


Anode  windows 


Balloon  with  Xe 


Fig.  9.  Beam  transport  to  the  gas  target.  The  photograph  is  made  in  X-rays. 


Increasing  the  azimuthal  magnetic  field  strength  or  the  gas  density  along  with  increasing 
the  distance  to  the  anode  one  can  improve  the  radiation  uniformity  along  the  chamber  axis. 
Figure  9  presents  the  case  where  a  thin-wall  rubber  balloon  with  Xe  was  housed  at  the  end  of 
the  drift  chamber.  The  beam  was  transported  to  the  balloon  in  the  air  at  some  Hg  mm  pressure 
which  provides  the  optimal  conditions  for  the  beam  transport. 
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Table  1 


contluclor 

ikA] 

^  hcani' 

[kA] 

Pressure 
[']  orr] 

Beam  energy 

[kJ] 

Bremsstrahlung 
energy  output 
IJAJl 

Average  absorbed  energy 
[rad(Si)] 

R=  I6cm,  S  =  6000cnf 

40 

40 

78 

1.225 

11,87 

165 

The  results  of  radiation  dose  measurements  for  one  of  the  pulses  whose  typical  traces  are 
shown  in  Fig.  5  are  summarized  in  Table  1.  Comparisons  of  Bremsstrahlung  output  for  gas 
targets  with  the  measurement  results  for  Ta  targets  showed  that  in  terms  of  the 
Bremsstrahlung  generation  efficiency  a  gas  target  is  in  no  way  inferior  to  a  metal  one. 

So,  the  Bremsstrahlung  gas  converter  can  be  used  to  best  advantage  when  it  is  necessary 
to  ensure  great  values  of  DxS. 
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MHD-nozzle  Device  as  a  Thermonuclear  Target  in  MAGO/MTF  Concept. 


Demin  A.N..  Chernyshev  V.K.,  Korchagin  V,P.,  Mokhov  V.N.,  Ivanov  V.A.,Pak  S.V., 
Yakubov  V.B.,  Garanin  S.F.,  Mamyshev  V.I.,  Kuznetsov  S.D.,  Subbotin  A.N., 
Burencov  O.M.,  Dolin  Y.N.,  Dudin  V.I.,  Morozov  I.V.,  Volkov  A.A.,  Trusilo  S.V., 
Usenko  P.L.,  Skobelev  A.N.,  Shpagin  V.I. 

Russian  Federal  Nuclear  Center  -  All-Russian 
Scientific  Research  Institute  of  Experimental  Physics 
607190,  Sarov,  Nizhni  Novgorod  region,  Russia. 


At  present  one  of  the  most  acute  tasks  that  the  world  community  faces  is  to  master  the 
controllable  thermonuclear  fusion  and  to  solve  on  this  basis  the  energy  problems  of  mankind. 
The  main  areas  of  research  and  development  that  have  got  general  recognition  are  the 
following  two: 

-  magnetic  confinement  (tokomaks,  stellarators,  etc.)  -  MCF 

-  inertial  confinement  (lasers,  electron  and  ion  beams,  etc.)  -  ICF. 

These  are  two  principally  different  approaches  that  have  the  only  common  requirement, 
which  is  to  obtain  a  high  temperature  of  plasma  ~  100000000°K  (10  keV). 

Characteristic  plasma  parameters  for  these  approaches  are: 

a)  MCF: 

-  plasma  density  n  ~  10'^'  1/cm^ 

-  plasma  lifetime  t  >  1  sec; 

-  energy  expenditures  for  reaction  ignition  E„  ~  10  G.I. 

b)  ICF: 

-  plasma  density  n  ~  10^'*  l/cm‘^; 

-  plasma  lifetime  x  <  1  nsec; 

-  energy  expenditures  for  reaction  ignition  E„  >  10  GJ. 

In  the  80'"*  in  Russia  and  in  the  US  a  new  approach  to  controllable  thermonuclear  fusion 
was  independently  formulated.  It  was  significantly  different  from  the  above-mentioned  and 
got  the  name  of  MAGO/MTF.*  This  approach  occupies  an  intermediate  position  in 
comparison  with  the  above-described  from  the  view-point  of  plasma  parameters: 

-  plasma  density  n  ~  10'^  l/cm'\ 

-  plasma  lifetime  x  ~  1  ps; 

-  energy  expenditures  for  reaction  ignition  E^  ~  500  MJ. 

The  peculiarity  of  this  approach  is  that  it  can  be  realized  with  the  help  of  the  existing 
pulsed  power  technologies  [1,2].  This  can  be  achieved  by  means  of  the  unique  Pulsed  Power 
sources  -  the  explosive  magnetic  generators  (EMGs),  which  provide  power  and  energy  levels 
that  can’t  be  achieved  by  any  other  methods  at  present.  The  EMG  working  principle,  proposed 
in  Russia  in  1952  by  A.D. Sakharov,  consists  in  conversation  of  the  high  explosives  (HE) 
energy  into  electromagnetic  energy.  The  EMG  with  a  stored  energy  up  to  500M.1  (due  to  use 
HE)  has  the  dimensions  people  got  used  to  (~2-3m),  while  the  stationary  sources  of  pulsed 
power,  considerable  with  EMGs  in  energy  but  not  in  power,  occupy  the  buildings  of  several 
hectares  areas.  The  EMG  developed  in  VNIIEF  are  at  present  the  most 


•  MAGO  -an  abbriviation  from  Russian  MAGnitnoe  Obzhatie. 
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MTF  -an  abbriviation  from  English  M^iynctizcd  Target  Fusion 
powerful  laboratory  sources  of  energy  in  the  world.  In  case  of  MAGO/MTF  the 
thermonuclear  reaction  ignition  has  two  stages: 

1 )  heated  magnetized  plasma  formation; 

2)  adiabatic  compression  of  the  obtained  plasma  and  the  achievement  of 
thermonuclear  reaction  burning  conditions. 

The  formation  of  plasma  with  definite  temperature  and  lifetime  is  carried  out  by  means 
of  plasma  acceleration  up  to  ultrahigh  velocities  in  the  MGD  Laval  nozzle  under  the  influence 
of  quick-increasing  magnetic  field  pressure  and  by  means  of  the  further  plasma  thermal isation 
.  Some  results  of  the  MFlD-nozzle  device  calculations  arc  presented  in  Fig.l,  in  which  one  can 
see  the  character  of  plasma  motion  and  the  dynamics  of  its  heating. 

MAGO  CHAMBER  OPERATION 


density 


Fig.l 

Plasma  heating  is  of  volumetric  character  and  the  maximum  temperatures  reach  the 
values  of  several  kiloelectronvolts.  This  has  also  been  confirmed  in  the  experiments  [3,4]:  the 
yield  of  DT  neutrons  exceeds  5*10'"  neutrons  per  pulse  and  the  plasma  image,  obtained  by 
means  of-neutron  pinhole  camera  (Fig. 2),  testifies  to  the  volumetric  character  of  neutrons 
radiation. 


Neutron  image 
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X-ray  image 


Fig.  2 
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However,  the  same  calculations  show  that  only  a  small  portion  of  plasma  (<  5%  of  a 
mass)  is  heated  up  to  high  temperatures  and  the  lifetime  of  such  a  hot  plasma  is  1-1,5  ps. 
These  data  haue  also  been  confirmed  by  the  experiment.  The  main  plasma  mass  has  a 
temperature  of  0,2-0,5  keV  and  a  long  lifetime.  Such  a  temperature  level  of  the  main  mass  of 
magnetized  plasma  let  us  hope  to  get  the  thermonuclear  reaction  iguition  at  a  relatively  low 
degree  of  this  plasma  compression.  The  study  of  such  a  «warm»  plasma  have  been  carried  out 
by  the  x-ray  Si-diodes  and  pinhole  cameras.  Plasma  temperatures  of  0,15-0,35  keV  have  been 
registered  in  the  experiments  and  this  level  of  temperatures  can  be  kept  for  more  thah  ps. 
When  the  radius  of  the  MHD-nozzle  chamber  is  ~5  cm  (the  majority  of  the  experiments  have 
been  performed  with  the  chambers  of  this  caliber),  for  additional  plasma  compression  the 
velocity  of  the  compressing  liner  should  be  ~  10  km/s.  This  can  be  achieved  taking  into 
account  modern  level  of  the  quipment,  what  has  already  been  experimentally  shown  [5]. 

Thus,  at  present  the  MHD-nozzle  device  is  a  leading  candidate  for  a  thermonuclear 
target  in  the  MAGO/MTF  (compression  of  magnetized  heated  plasma)  approach  to  CTF 
(controlled  thermonuclear  fusion). 
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DISK  EXPLOSIVE  MAGNETIC  GENERATOR  WITH  LOW  RISETIME 

IN  THE  LO  AD 

V. A. Demidov,  .A  N  Demin,  S  . A  Kazakov,  Yu  Vlasov,  V  .A.Yanenko 
I'NIIEF.  Sarov,  60^190.  Russia 


At  present  the  multi-element  disk  explosive  magnetic  generators  (EMG)  are  the  most 
powerful  sources  of  electromagnetic  energy.  They  allow  to  obtain  currents  of  hundreds 
megaamperes  and  current  of  hundreds  megajoules  at  the  times  of  dozens  microseconds.  They 
find  application  when  performing  pioneer  experiments  in  the  field  of  high  energy  densities,  in 
the  field  of  controlled  thermonuclear  fusion  researches;  they  can  also  be  used  for  radiation 
generation,  etc.  [1,2]. 

Nowadays,  the  use  of  the  disk  EMGs  for  the  acceleration  of  the  solid-state  liners  is  one  of 
the  most  promising  applications  [3]  But  in  this  case  the  EMG  current  flows  through  the  liner 
load  during  the  whole  time  of  the  device  work,  i.e  20-50  us.  This  can  lead  to  a  liner 
deformation  in  the  initial  stage  of  EMG  work,  when  the  currents  are  not  so  high  and  the 
deformations  may  serve  as  the  initial  perturbations  for  a  development  of  instabilities  in  the 
process  of  liner  acceleration  under  the  high  currents. 

Disk  EMG  with  a  diameter  of  400  mm  and  with  an  explosive  opening  switch  built-in  to 
the  EMG  transmission  line  has  been  proposed  and  successfully  tested  in  VNIIEF.  This  EMG  is 
capable  of  providing  currents  of  50-100  MA  with  the  risetime  of  ~5  us  instead  of  usual 
20-50  us;  it  is  also  capable  of  releasing  the  energy  of  dozens  megajoules  in  the  load,  i.e.  at 
approximately  the  same  level  as  in  the  usual  disk  EMGs.  It  can  be  achieved  because  the 
additional  compression  of  the  disk  generator  volume  and  the  effective  cumulation  of  energy 
continue  after  the  opening  switch  has  actuated  and  the  EMG  has  been  connected  to  the  load, 
and  because  the  inductance  of  the  opening  switch  is  small. 

The  obtained  value  of  the  opening  switch  inductance  turned  out  to  be  small  because  the 
initiation  of  the  HE  charge  of  the  switch,  used  for  destruction  of  the  current-carrying  foil,  is 
carried  out  by  the  way  of  the  disk  EMG  main  charges  detonation  transmission  (Fig.l)  without 
the  usage  of  any  special  initiation  systems  (unlike  the  usual  way  to  do  that). 

Besides,  it  is  possible  to  change  the  current  risetime  from  3  ps  to  10  ps  by  changing  the 
distance  between  some  elements  of  the  disk  generator;  and  this  may  be  helpful  in  some  cases. 

The  serviceability  of  the  disk  EMG  with  the  opening  switch  built-in  to  the  transmission 
line  has  been  successfully  tested  in  the  experiment  Two-element  disk  EMG  was  used  in  this 
experiment.  Copper  foil  with  a  thickness  of  0.2  mm  and  a  layer  of  plastic  explosives  with  a 
thickness  of  3  mm  have  been  used  in  the  opening  switch.  The  disk  EMG  was  initially  powered 
by  a  helical  preamplifier,  which  provided  the  current  of  3.8  MA  for  initial  powering.  Current  of 
the  disk  EMG.  to  the  moment  the  fast  opening  switch  started  working,  was  21  MA;  the 
maximum  current  derivative  by  that  moment  reached  the  value  of  4  9  TA/s;  current  increase 
characteristic  time  was  6.7  ps 

The  disk  EMG  current  derivative,  obtained  in  the  experiment,  is  presented  in  Fig. 2. 

The  current  pulse  presented  in  Fig  3  has  been  formed  in  the  load  at  the  actuation  of  the 
explosive  opening  switch  The  same  Fig  3  shows  dependence  of  the  current  derivative  in  the 
load  on  time. 
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Fig.  1 .  Disk  EMG  sketch. 

1  -  HE  charge  of  the  disk  EMG,  2  -  HE  charge  of  the  opening  switch, 

3  -  foil  of  the  opening  switch,  4  -  the  load,  5  -  the  load  switch,  6  -  the  detonator 


The  total  duration  of  the  load  current  pulse  leading  edge  is  5  |j.s.  The  current  reaches  the 
maximum  in  two  stage:  at  first,  due  to  a  throw-over  of  a  magnetic  flux  from  a  ruptured 
contour,  the  current  increases  quickly  (in  ~  1  us)  up  to  ~  20  MA;  further  on  it  increases  slowly 
up  to  ~  50  MA  due  to  a  magnetic  flux  additional  compression  within  the  disk  EMG  volume. 
The  characteristic  time  of  the  pulse’s  “fast”  part  growth  is  0.55  us  Energy  of  2  MJ  was 
obtained  in  the  load  with  the  inductance  of  1 .6  nH. 


Fig.  2.  Disk  EMG  current  derivative  Fig.3.  Current  derivative  and  current  in  the 

load 
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A  small  value  of  the  characteristic  time  of  the  pulse  “fast”  part  current  increases  testify  to 
a  possibility  to  apply  the  above-described  source  of  energy  not  only  for  liner  acceleration,  but 
for  some  other  purposes  as  well.  It  is  quite  possible  that  for  the  majority  of  applications  the 
energy  level  obtained  in  the  experiment  will  be  insufficient.  But  it  can  be  increased  up  to  the 
required  values  by  increasing  the  number  of  generator  disk  elements.  And  owing  to  the 
increase  of  the  ruptured  conductor  length,  and  consequently  of  the  opening  switch  resistance, 
it  is  possible  to  connect  up  the  loads  with  bigger  inductance.  Thus,  if  we  increase  the  load 
inductance  up  to  10  nH,  the  number  of  disk  elements  in  the  generator  up  to  12  (under  the  same 
conditions  of  its  initial  powering),  the  load  current  pulse  will  be  same  as  that  obtained  in  the 
experiment. 
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Abstract 

Experiments  on  efficiency  increase  of  X-ray  sterilizer  RS-20  are  reported.  Increase  in 
x-ray  output  for  a  given  wall  plug  power  may  be  obtained  due  to  growth  of  both  electron 
energy  and  electron  diode  current.  In  first  experiment  to  increase  electron  beam  energy 
(up  to  3  MeV)  a  coaxial  POS  in  applied  external  magnetic  field  was  utilized.  An 
electron  diode  with  anode-converter  was  parallel  to  POS.  25%  of  total  current  was 
transmitted  to  the  diode.  A  dose  per  pulse  was  0.024  Gy  at  1  mfrom  the  converter.  The 
second  experiment  used  POS  with  planar  anode  in  open  circuit  regime  so  the  anode  was 
utilized  for  electron  beam  conversion  into  Bremsstrahlung.  Electron  beam  energy  was 
1. 7-2.0  MeV  all  100%)  of  generator  current  reached  the  POS  anode-converter  with  the 
dose  0.022  Gy.  An  inverted  pinch  scheme  of  POS  was  proposed  to  combine  advantages  of 
those  above  in  one  unit:  external  magnetic  field  for  obtaining  high  voltages  and  lOOVo  of 
generator  current  utilization. 


RS-20  SET-UP 

X-ray  sterilizer  RS-20  was  built  in  1991  [1]  with  the  parameters  as  follows;  0.8  MV  - 
Marx  working  voltage,  0.6  ps  -  current  quarter-period,  10  Ohm  -  wave  resistance  of 
the  main  circuit,  and  1-2  p.p.s.  repetition  rate.  The  machine  usually  workes  at  positive 
polarity  of  the  central  electrode  that  makes  maximum  electric  strength  of  the  insulator. 

The  machine  was  used  for  sterilization  experiments  and  ,  as  well,  for  repetitive  POS 
scheme  testing  and  elements  life-time  increase.  Different  versions  of  repetitive  plasma 
injectors  have  been  designed  with  a  life-time  of  1-10  million  shots  together  with  x-ray 
radiator  working  at  10  million  shots  as  well  -  both  at  power  load  50-70  W/cm^  [1-2]. 
Depending  specific  POS  design,  the  voltage  obtained  lays  between  1.5  to  3  MV  and  is 
limited  with  electron  leakage  in  power  supply  circuits.  Having  that  voltage  x-ray 
irradiation  is  directed  mainly  along  the  direction  of  initial  electron  beam  propagation. 
The  use  of  coaxial  POS  design  results  in  necessity  to  make  a  diode  with  planar  anode- 
converter  -  to  extract  maximum  irradiation  to  the  sample.  POS  performance  could  be 
characterized  by  a  voltage  multiplication  coefficient:  ratio  of  POS/Marx  voltages 
k=Upos/Uo  and  i]  -  wall  plug  to  e-beam  efficiency.  Two  schemes  may  be  outlined; 
POS  in  external  magnetic  field  allowing  maximum  voltage  [2]  and  POS  with  planar 
anode  which  allows  to  combine  anode  and  converter  in  one  unit  and  to  avoid  parallel 
diode  circuit.  In  that  case  all  generator  current  is  utilized  for  Bremsstrahlung 
generation. 
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POS  IN  EXTERNAL  APPLIED  MAGNETIC  FIELD 


Under  relatively  low  currents  and,  correspondingly,  magnetic  fields,  additional 
measures  should  be  used  to  provide  a  magnetic  insulation  of  POS.  [2].  The  most  simple 
one  is  a  use  of  applied  external  magnetic  field  [3],  POS  (Fig.  1-a)  contains  coaxial 
cathode  with  a  water  cooled  solenoid  providing  5-10  kGs  at  the  center  of  the  coil  and 
graphite  radiation-cooled  anode.  Cathode-anode  gap  is  3  cm.  POS  geometry  was 
chosen  so,  that  magnetic  field  lines,  coming  from  anode,  do  not  cross  the  cathode 
(vacuum  chamber)  in  order  to  prevent  electron  explosive  emission.  To  protect  plasma 
guns  dielectric  surface,  a  capillary  type  guns  were  used  -  with  a  thin  hole  in  the 
graphite  disk  placed  outside  the  dielectric  surface.  Diode  having  anode-converter  was 
switched  parallel  to  POS.  Maximum  voltage  was  obtained  without  the  load.  The 
current  in  the  POS  (Ipos  )  is  switched  faster,  than  that  in  the  circuit  (Ic)  (Fig.  1-b).  The 
difference  between  them  is  determined  by  electron  leakage  (to  15  kA)  and  limits  the 
voltage  at  3  MV.  In  x-ray  generation  mode  the  diode  takes  ~20  kA  resulting  in  some 
voltage  drop.  Maximum  voltage  multiplication  k=3.3,  and  tj=20%.  The  absorbed  dose 
in  water  1  m  distance  from  the  anode  is  2.4  rad/pulse. 


rDrive 


II  /I  POS  Plod/ 

Vacuum  r”" - - - - - - 

Chamber  |  | 


Fig.  1-a.  POS  in  external  applied  magnetic  filed.  RS-20  generator  view  (right). 


Voltage  (MV)  Current  (kA) 


Fig.  1-b.  Typical  waveforms  of  electrical  signals  in  a  short  circuit  regime. 
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PLANE  POS 


Plane  POS  allows  to  use  all  electron  current  of  the  generator  to  generate  x-rays.  The 
scheme,  aswell,  becomes  lesser  complicated  and  easy  to  operate.  Despite  sufficiently 
low  POS  voltage  ~1. 7-2.4  MV  (Fig.  2),  a  dose  1  m  from  anode  is  almost  the  same  as 
that  in  the  previous  case  (2.2  rad/pulse  at  1  m  dist.  from  the  cathode).  (  fc=2, 
r]-~70%).  But  the  planar  anode  allows  to  compensate  the  voltage  loss  due  to  current 
increase  and  to  obtain  same  dose  as  POS  in  applied  external  magnetic  filed  does. 


Fig.  2-a.  POS  with  planar  anode. 


(MV)  Current  (kA) 


0  200  400  600  800  1000 

Time  (ns) 

Fig.  2-b.  Typical  waveforms  of  main  signals  for  the  POS  system  with  planar  anode. 

INVERTED  PINCH  POS  CONFIGURATION 

To  improve  the  efficiency  of  x-ray  output  a  POS  with  a  disk  anode-converter  and 
external  applied  radial  magnetic  field  is  proposed  [4]  (Fig.  3).  This  system  may  allow  to 
obtain  high  voltage  using  magnetic  insulation  and  increase  the  current  on  the  x-ray 
converter.  This  scheme  is  planned  to  be  used  at  RS-200  [5]  with  the  parameters  being 
proposed:  5  MeV,  100  kA,  200  kW  -  in  electron  beam  with  k-2.5  and  ?]=~70%. 
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Fig.  3.  A  scheme  of  POS  with  radial  magnetic  field  and  disk  x-ray  converting  anode. 


CONCLUSION 

Thus,  POS  efficiency  in  electron  beam,  in  case  when  POS  anode  is  used  for  e- 
beam/x-ray  production,  may  be  increased  up  to  70%.  This  corresponds  to  the  expected 
efficiency  of  the  most  electron  accelerator  concepts  recently  developed  (if  one 
compares  their  efficiency  in  e-beam).  Additional  magnetic  insulation  for  repetitive 
POS  systems  may  sufficiently  increase  POS  voltage  and  be  effective  enough:  magnetic 
field  system  takes  5-10%  of  power  consumption  and  increases  POS  voltage  50%  as 
high  in  MV  range.  A  new  inverted  pinch  POS  geometry  which  utilizes  both  approaches 
was  proposed  for  5-6  MV  production  in  200  kW  generator  concept. 
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INTRODUCTION 

Dense  transient  plasmas  of  high  energy  density,  can  be  easily  produced  in  a  Plasma 
Focus  device,  on  a  cost  effective  basis.  High  energy  ion  beam  emission  is  one,  among  several 
others,  of  the  very  interesting  transient  plasma  phenomena  observed  in  plasma  focus 
discharges[l].  Although  some  of  the  properties  of  these  ion  beams  have  been  investigated  in 
the  past,  the  physical  mechanisms  involved  in  their  generation  are  still  not  clear,  and  further 
investigations  are  required  on  order  to  establish  the  exact  correlations  of  the  ion  beam 
emission  with  other  plasma  focus  phenomena[2].  We  present  a  preliminary  series  of 
measurements  on  ion  beams  in  a  plasma  focus  operating  with  Hydrogen/Gas  mixtures,  using 
an  XRD  probe  array,  which  allows  the  characteristic  ion  energy  to  be  determined  from  the 
time  of  flight  across  the  probe  array,  and  the  time  of  the  ion  beam  emission  to  be  correlated 
with  plasma  emission  events  associated  with  the  soft  X-ray  pulses  detected  by  the  probes. 


EXPERIMENTAL  APPARATUS 

The  experiments  have  been  performed 
in  a  small  3.8  kJ  Plasma  Focus,  PFP-I, 
operating  up  to  30  kV,  140  kA  peak  current. 
The  discharge  is  formed  between  a  hollowed 
anode,  1.2  cm  radius  and  14  cm  length,  and 
six  cathode  rods,  symmetrically  arranged  in  a 
3.2  cm  radius  circle.  The  general  diagnostics 
includes  voltage  and  current  measurements, 
multi  pinhole  and  slit-wire  X-ray 
photography,  filtered  PIN  diode  array,  and 
beam  target  electron  beam  detector.  Further 
details  on  the  device  and  the  associated  X- 
ray  diagnostics  have  been  published  else 
where[3].  A  novel  hybrid  XRD-Faraday  cup 
detector  array  is  used  to  measure  the  ion 
beams.  The  probes  are  made  of  standard  50 
Q  solid  coaxial  cable,  in  which  a  portion  of 
the  central  conductor  is  arranged  as  a  1  cm 


XRD:  soft  X-ray  & 
ion  beam  probe 


collimated  PIN 

diodes 


pin-hole  &  slit-wire 

camera 


4L 


ii  beam-target 

I  electron  beam 
I  probe 

Figure  1:  schematics  of  plasma  focus  device  and 
associated  diagnostics 


diameter  circle,  perpendicular  to  the  plasma  focus  axis.  The  central  conductor  is  negatively 
polarized  at  120  V.  In  this  way,  the  probes  behave  as  XRD  detectors,  given  a  positive  polarity 
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signal  under  pulsed  XUV  illumination,  and  as  a  50  Q  Faraday  cup,  giving  also  a  positive 
polarity  signal  when  reached  by  a  pulsed  ion  beam.  This  arrangements  allows  the  ion  beams  to 
be  accurately  timed  with  respect  to  the  pinch  phase  of  the  focus  discharge.  Information  on  the 
ion  energy  distribution  is  obtained  from  time  of  flight  measurements.  Two  XRD  probes 
separated  axially  by  10  cm  and  coaxial  with  the  focus  gun  are  used  in  this  investigation,  with 
the  lower  one  located  at  21  cm  from  the  anode  rim.  The  electron  beam  probe  consists  of  a  40 
pm  Copper  target  with  a  block  of  NE102  scintillator  located  behind  the  target.  A  17  pm 
Aluminium  filter  is  located  between  the  target  and  the  scintillator,  to  reduce  signal  due  to 
target  fluorescence.  Light  from  the  scintillator  is  fed  into  a  fast  2.5  ns  rise  time 
photomultiplier.  The  simultaneous  recording  of  ion  and  electron  beams,  together  with  the  X- 
ray  emission,  provides  a  comprehensive  set  of  single  shot  data  which  is  used  to  correlate  the 
ion  emission  with  other  plasma  phenomena.  A  schematic  of  the  different  diagnostics  as 
relative  to  the  position  of  the  plasma  focus  gun  is  shown  in  figure  1 .  The  experiments  have 
been  performed  in  Hydrogen/gas  mixtures,  including  Argon,  Neon  and  Nitrogen  as  the 
additional  gas,  at  different  mixing  ratios.  For  each  mixture,  the  pressures  is  adjusted  to  keep  a 
constant  mass  load,  such  as  to  achieve  radial  collapse  at  around  peak  current. 


EXPERIMENTAL  RESULTS 


Figure  2  shows  a  slit-wire  image  corresponding  to  a 
shot  with  100%,  at  1.3  Torr  pressure.  A  100  pm  width  slit, 
filtered  with  12  pm  Beryllium  was  used  to  produce  the 
image.  A  one  dimensional  image  of  a  single  hot-spot  can  be 
observed  in  the  upper  part  of  the  image.  Emission  from  the 
anode  is  seen  in  the  lower  part.  Six  different  wires,  250  pm 
Silver,  160  pm  Tin-Copper  alloy,  80  pm  Tungsten,  50  pm 
Tin-Copper  alloy,  25  pm  Tungsten,  and  100  pm  Copper 
were  used  and  there  shadows  across  the  hot-spot  image  are 
identified  by  the  arrows  from  right  to  left  respectively.  The 
Figure  3  shows  the  associated  electric  signals,  around  focus 
time,  for  the  same  shot  than  in  Fig.  2.  Voltage,  electron 
beam,  and  side-on  PIN  diode,  with  15  pm  aluminium 
filtering,  are  shown  in  the  upper  graph.  The  signals  from  the 
axial  XRD  probes  are  shown  in  the  lower  graph.  Two  strong 
voltage  spikes  are  observed,  with  associated  electron  beam 
pulses.  The  first  electron  beam  pulse  coincides  with  a 
simultaneous  excursion  in  the  XRD  probes  and  PIN  diode. 
These  signals  can  be  associated  with  beam  target  emission 
by  electron  beam  collision  with  the  anode  electrode. 
Characteristic  peaks  in  the  XRD  probes  signals  which  do  not 
coincide  in  time  can  be  attributed  to  ion  beam  impact.  This 
is  the  situation  for  peaks  labeled  "1"  and  "2"  in  both  signals. 
If  each  pair  is  attributed  to  a  single  ion  beam,  the 
characteristic  energy  for  the  beams  can  be  inferred  from  the 
time  of  flight  between  probes.  In  this  case,  the  characteristic 
energies  are  found  to  be  30  and  19  keV  for  peaks  labeled  'T" 
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Figure  2:  slit-wire  image  of  a  single 
hot-spot  in  pure  hydrogen 
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Figure  3:  characteristic  signals 
associated  with  slit-wire  image 
shown  in  Fig.  2 
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Figure  4:  slit-wire  image  of  a 
single  hot-spot  with  30%  Neon 


and  "2"  respectively.  If  the  ion  beams  are  emitted  from  a  region  next  to  the  anode  edge,  the 
time  of  the  emission  can  be  associated  with  the  onset  of  the  electron  beams,  as  indicated  by 
the  arrows  superimposed  in  the  XRD  traces.  The  onset  of  the  second  beam  event  coincides 
also  with  a  soft  X  ray  pulse  detected  by  the  PIN  diode.  The  hot  spot  seen  in  Fig.  1  is  probably 
associated  with  the  emission  of  the  soft  X-ray  pulse.  A  characteristic  hot-spot  size  of  300  pm 
is  inferred  from  the  shade  of  the  wires. 

A  similar  behavior  in  terms  of  time  correlations  of  the 
ion  beam  emission  with  electron  beams  and  soft  X-ray 
pulses  is  observed  when  the  plasma  focus  is  operated  with  a 
hydrogen/gas  mixture.  Figures  4  and  5  show  slit-wire  and 
associated  signals  corresponding  to  a  shot  with  30%  neon,  at 
0.35  Torr  pressure.  The  same  wire  array  than  in  Fig.  2  has 
been  used  in  this  case.  The  pinch  structure  is  found  to  be 
much  more  complex  than  in  the  pure  hydrogen.  A  plasma 
column  with  embedded  elongated  hot-spots  is  observed. 

Hot-spot  structures  are  observed  next  to  and  8  mm  above  the 
anode.  Characteristic  diameter  of  the  hot-spots  inferred 
from  the  wire  shadow  is  around  300  pm.  A  first  radiation 
pulse  coincident  with  the  onset  of  an  electron  beam  is  also 
observed  in  this  case.  An  ion  beam  can  be  associated  with 
the  time  delayed  pulses  observed  at  later  time  in  the  XRD 
probes.  If  the  ion  species  are  assumed  to  be  hydrogen  a 
characteristic  energy  of  30  keV  is  obtained  from  the  time  of 
flight  measurement.  A  neon  ion  beam  is  unlikely,  as  the 
energy  required  for  the  measured  time  of  flight  is  of  the 
order  of  600  keV.  If  the  emission  time  for  the  ion  beam  is 
traced  back,  it  is  again  found  to  correlate  with  the  onset  of 
the  initial  electron  beam.  A  ~10  ns  soft  X-ray  radiation 
pulse  is  emitted  in  association  with  onset  of  a  second 
electron  beam.  As  the  PIN  diode  is  collimated  to  exclude 
direct  anode  emission,  this  radiation  pulse  can  be  attributed 
to  plasma  emission  from  the  hot-spots.  A  possible  ion  beam 
associated  with  the  second  electron  beam  pulse  can  not  be 
discriminated  from  the  long  decay  tail  of  the  first  beam. 


time  (100  ns/div) 

Figure  5:  characteristic  signals 
associated  with  slit-wire  image 
shown  in  Fig.  4 


This  is  also  the  case  for  the  detection  of  Neon  ion  beams  of  the  same  characteristic  energy. 

Similar  results  are  observed  over  the  range  of  conditions  investigated,  including  Argon, 
Neon  and  Nitrogen  as  the  additional  gas.  The  observations  are  consistent  with  the  emission  of 
Hydrogen  ion  beams  of  characteristic  energy  in  the  lO’s  of  keV  always  associated  with  the 
onset  of  electron  beams.  In  general,  if  a  second  hydrogen  ion  beam  is  observed,  this  tends  to 
be  of  lower  characteristic  energy  and  is  produced  immediately  after  the  emission  of  a  short 
soft  X-ray  pulse,  which  is  probably  associated  with  hot-spot  formed  in  the  plasma  column. 


DISCUSSION 

Most  of  the  measurements  of  the  ion  spectra  in  Plasma  Focus  discharges  rely  on 
Thomson  analyzers,  which  due  to  geometrical  constraints  and  lateral  spreading  of  the  ion 
beams,  have  a  characteristic  energy  threshold  at  around  100  keV  in  most  of  the  reported 
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observations.  As  an  example,  magnetic  spectrometer  and  time  of  flight  measurements  of  fast 
deuterons  produced  in  a  small  1  kJ  Plasma  Focus  indicate  that  the  energy  spectrum  above  70 
keV  extends  up  to  more  than  400  keV[4].  If  the  exponential  low  obtained  in  ion  spectra 
measurements[5]  is  extrapolated  to  lower  energies,  it  can  be  inferred  that  in  small  Plasma 
Focus  devices  a  significant  fraction  of  the  ions  has  a  characteristic  energy  in  the  lO’s  of  keV 
range,  as  it  has  been  measured  in  our  experiments.  The  data  presented  here  can  be  further 
analyzed.  From  the  time  interval  between  the  onset  of  the  ion  beam  induced  signals  in  the  ion 
beam  probes  shown  in  Fig.  1,  a  high  energy  threshold  of  ~80  keV  can  be  estimated  for  pure 
Hydrogen  operation.  These  measurements  do  not  contradict  previous  observations,  due  to  the 
fact  that  our  preliminary  analysis  does  not  take  into  account  radial  scattering  of  the  beams  and 
higher  energy  ions  of  lower  characteristic  flow  can  not  be  discriminated  at  present  from  the 
available  data. 

Our  data  provides  good  enough  characterization  of  the  beam  energy  to  time  correlate 
with  the  emission  of  electron  beams  and  soft  X-ray  pulses.  At  least  two  ion  beams  pulses  can 
be  identified  in  most  of  the  cases  investigated.  The  first  one  is  associated  with  the  radial 
collapse  of  the  current  sheath  and  coincides  with  the  emission  of  a  high  energy  electron  beam. 
At  this  time  no  significant  soft  X-ray  emission  from  the  compressed  plasma  is  observed.  The 
second  pulse  coincides  with  the  emission  of  a  second  electron  beam.  At  this  time  a  soft  X-ray 
emitting  plasma  column  with  embedded  hot-spots  of  characteristic  temperature  -400  eV[3] 
has  been  formed  and  a  -10  ns  FWHM  radiation  pulse  is  emitted,  as  it  is  seen  in  Figs.  3  and  5. 
The  emission  of  the  soft  X-ray  pulse  marks  the  onset  of  the  charged  particle  beam  emission. 
This  time  correlation  of  events  appears  to  support  hot-spot  formation  models  based  in  the  post 
evolution  of  m  =  0  instabilities,  in  which  radiation  cooling  and  magnetic  compression 
accounts  for  the  local  increase  in  plasma  density,  and  fast  local  inductance  increase  across  the 
instability  neck  provides  the  acceleration  mechanism[6]. 


COLCLUSIONS 

Preliminary  observations  on  the  time  correlation  between  the  emission  of  ion  beams  and 
other  dense  transient  plasma  phenomena  have  been  performed  in  a  small  plasma  focus 
operating  with  Hydrogen/Gas  mixtures.  Further  experiments  are  been  conducted  in  order  to 
include  time  and  spaced  resolved  measurements  of  the  soft  X-ray  emission,  which  combined 
with  an  improved  analysis  of  the  ion  beam  measurements  will  provide  a  suitable  data  set  to 
assess  the  validity  of  theoretical  models  of  high  energy  plasma  phenomena  in  Plasma  Focus. 
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During  last  time  the  large  achievements  in  soft  X-ray  production  were  obtained  by  Sandia 
with  multywire  array  implosion.  The  efficiency  of  the  generator  energy  conversion  to 
radiation  strongly  depends  upon  the  quality  of  plasma  shell.  Thus  the  investigation  of  initial 
stage  of  wire  explosion  and  the  way  of  plasma  shell  creation  are  very  important.  To  study  the 
different  process  of  plasma  creation  at  initial  stage  of  wire  explosion  the  precision  voltage  on 
wire  array  axis  and  current  measurements  have  been  carried  out. 


THE  ARRANGEMENT  OF  THE  EXPERIMENT. 


The  experiments  were  done  for  different  wire  arrays  from  8  up  to  16  wires  for  W  and  Mo. 
Wire  array  diameter  varied  from  8  mm  up  to  20  mm,  wire  diameter:  4|im,  6pm,  10pm,  20pm 
and  30pm;  the  anode-cathode  gap  of  1cm. 

To  provide  a  good  contact  of  wires  with  the  electrodes  and  a  homogeneous  current 
distribution  through  wires  the  special  design  of  electrical  feeders  has  been  used  (see  fig.l). 


Fig.l.  The  layout  of  8  -  mm  diameter  wire  array  and 
voltage  probe  cormection.  1 -anode  electrode  of  Angara-5- 1 
output,  2-  anode  electrode  of  array,  3-  the  wires,  4-cathode 
electrode  of  Angara-5- 1  output,  5-  cathode  electrode  of 
array,  6-  metal  balls  for  uniform  electric  contact,  7  -  metal 
cylinder  for  connection  of  the  voltage  probe  with  the 
cathode,  8  -  to  voltage  probe. 


Single  Angara-5- 1  module  was  used  in  this  experiment.  The  microsecond  prepulse 
suppression  was  done  by  the  using  of  prepulse  switch.  This  switch  provides  the  voltage  level 
on  wires  during  prepulse  smaller  then  lOV.  The  heating  of  4pm  W  wire  during  prepulse  was 
less  then  10°C. 

The  voltage  on  wire  array  axis  was  measured  by  the  voltage  probe  (see  fig.l).  Temporal 
resolution  of  voltage  probe  is  about  3  ns.  Current  through  the  wire  array  was  recorded  by 
means  of  coaxial  resistive  shunt  probe  with  time  resolution  of  5  ns  inserted  in  cathode 
electrode. 
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EXPERIMENTAL  RESULTS.  WIRE  ARRAY  RESISTANCE  EVALUATION. 


The  values  of  voltage  amplitude  for  different  arrays  were  about  5-15kV  with  pulse 
duration  of  10ns.  Both  the  voltage  amplitudes  and  voltage  profile  widths  were  significantly 
smaller  than  those  in  the  case  of  the  array  absence.  Small  voltage  can  mean  small  wire 
resistance  value.  The  voltage  and  current  measurements  allow  to  evaluate  both  the  wire 
resistance  and  the  wire  temperature. 

There  are  two  different  ways  to  get  the  wire  resistance  value; 

1)  by  application  of  measured  voltage  U(t)  and  current  J(t)  profiles  -  as  ratio  U(t)/J(t); 

2)  by  only  U(t)  profile  -  taking  into  account  the  wire  heating  and  dependence  of 
resistance  on  temperature. 

Both  ways  of  resistance  evaluations  were  performed. 

The  difference  between  the  voltage  on  array  axis  and  the  voltage  on  the  wire  surface  is 
equal  to  d(L*J)/dt.  This  term  was  taken  into  account,  but  the  input  of  such  term  is  relatively 
small. 

The  results  of  mentioned  above  evaluation  are  presented  on  fig.2  for  typical  shot  with 
tungsten  wire  array. 

At  the  top  part  of  fig.2  the  voltage  U(t)  on  the  axis  and  the  current  J(t)  per  one  wire 
measured  by  shunt  at  initial  stage  of  the  discharge  are  presented. 


Time  ns 


Fig.2.  The  typical  voltage  and  current  profiles  and  results  of  resistance  and  temperature 
evaluations.  The  wire  array  composed  of  8  W-  wires.  Wire  array  diameter  -  8  mm,  wire 
diameter  -  1 0pm. 

In  the  middle  part  of  fig. 2  the  temporal  dependencies  of  wire  resistance  evaluated  are 
presented.  The  lower  curve  is  the  resistance  value  calculated  from  the  voltage/current  ratio. 
The  upper  curve  is  the  resistance  value  calculated  from  voltage  taking  into  account  the  wire 
heating  with  dependence  of  resistance  on  temperature.  Using  the  latter  curve  and  voltage 
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measured  it  is  possible  to  calculate  the  current  in  the  wire.  The  result  of  such  calculation  is 
shown  on  the  top  part  of  fig.2. 

At  the  bottom  of  fig.2  the  calculated  temporal  dependencies  of  wire  temperature  are 
presented.  Both  these  curves  correspond  to  two  calculated  resistance  dependencies  presented 
in  the  middle  part  of  fig.2.  The  lower  curve  is  the  temperature  profile  calculated  on  the  base  of 
voltage  and  current  temporal  profiles.  The  upper  curve  is  the  temperature  profile  calculated  on 
the  base  of  single  voltage  signal. 

For  the  time  moment  t  >  768  ns  both  the  resistance  calculated  from  U/J  and  the 
temperature  calculated  from  U/J  are  decreased.  The  diminishing  of  the  wire  resistance  for  the 
time  moment  t  >  768  ns  is  not  possible  for  metal  wire.  Thus,  it  can  be  assumed  that  the  wire 
resistance  diminishing  after  the  time  moment  t  =  768  ns  is  due  to  the  plasma  on  wire  surface 
production  under  action  of  current  pulse. 

The  existence  of  the  plasma  on  the  wire  surface  drastically  reduces  the  resistance  of  the 
“wire  +  plasma”  composition.  The  amplitudes  of  two  currents  presented  on  the  top  part  of 
fig.2  are  equal  to  each  other  for  time  moments  which  are  preceded  the  768-th  ns.  Measured 
«wire+plasma»  current  increases  after  768-th  ns  but  the  calculated  current  on  metal  wire 
(lower  curve  on  the  fig.2  upper  part)  decreases.  The  wire  temperature  calculated  from  wire 
resistance  at  this  moment  is  less  than  2000°C. 

At  this  moment  for  different  shots  and  for  W  and  Mo  maximum  current  density  in  wire 
reached  3-6  A/pm^  and  maximum  wire  temperature  was  less  than  2500°C  -  less  than  melting 
one  for  both  used  materials.  The  energy  deposition  transferred  in  wire  by  Ohms  heating  to  this 
moment  is  not  sufficient  for  complete  melting  of  wire  substance.  The  plasma  production  on 
wire  surface  takes  place  before  melting  of  tungsten  or  molybdenum. 


SIMULATION  OF  WIRE  RESISTANCE  BEHAVIOR. 

For  better  understanding  of  results  of  the  experiments  we  performed  some  simulations  of 
tungsten  wire  electric  explosion.  Equation  of  state  in  wide  range  of  density  and  temperature 
takes  into  account  phase  transition  from  metal  to  gas  (and  then  plasma). 

We  compared  simulations  of  naked  tungsten  wire  explosion  with  explosion  of  tungsten 
wire  dressed  with  thin  envelope  formed  by  light  substance  (that  is  impurity)  covering  of 
tungsten  wire  surface  before  current  pulse.  We  simulate  the  wire  dynamics  under  the  action  of 
given  electric  current  with  amplitude  of  5kA/wire  and  the  duration  from  the  beginning  to 
maximum  -70ns,  tungsten  wire  diameter  of  6pm. 

Fig.3  shows  electric  field  at  the  wire  axis  and  electric  current  for  naked  wire.  Electric 
field  achieves  about  120  kV/cm  that  is  much  higher  than  measured  voltage  on  the  array. 

We  conclude  that  the  wire  doesn’t  explode  as  naked  one.  The  most  probable  reason  of 
strong  decreasing  of  the  voltage  amplitude  and  of  the  delivered  energy,  is  that  the  wire  is 
covered  before  the  current  pulse  with  very  thin  impurity  layer.  It  is  evaporated  in  course  of 
discharge  quite  before  the  moment  of  tungsten  evaporation.  A  few  of  preliminary  shootings 
shown  that  evaporation  of  impurities  at  about  200-300°C  is  quite  enough  for  explanation  of 
experimental  data.  To  demonstrate  this  we  stop  the  simulation  of  naked  wire  at  t=6.75ns  and 
then  the  simulation  was  continued  with  introducing  a  thin  layer  of  carbon  gas  with  thickness 
of  0.3  pm  (1.8x10'*°  g/cm.).  It  corresponds  to  a  few  atomic  layers  of  carbon.  Fig.4  shows  the 
results  of  such  simulation  -  the  voltage  pulse  on  the  wire.  Its  form  and  amplitude  have  much 
more  satisfactory  fitting  to  the  experimental  results.  The  temperature  of  tungsten  wire  surface 
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reaches  of  0.05  eV  at  the  moment  of  transition  from  the  first  simulation  to  the  second  one. 
The  breakdown  is  possible  only  with  some  delay  (~2.5  ns)  after  strong  expansion  of  the 
carbon  layer.  After  breakdown  of  the  corona  the  current  leaves  the  wire  so  its  heating  is 
stopped  after  this  moment.  The  typical  temperature  of  tungsten  after  the  breakdown  is  of  order 
of  0.23  eV.  It  corresponds  to  evaluated  temperature  of  tungsten  using  measured  values  of 
voltage  and  current.  The  simulation  shows  that  about  4  mJ/cm  of  energy  is  delivered  to 
tungsten  wire  before  the  breakdown.  After  the  plasma  corona  breakdown,  the  wire  heats 
mainly  due  to  heat  flux  from  the  corona  to  the  wire  surface. 


Fig. 3.  Electric  field  at  the  wire  axis  (solid 
line)  and  electric  current  per  one  wire 
(dashed  line)  versus  time  for  electric 
explosion  of  naked  wire. 


Fig. 4.  Electric  field  at  the  axis  versus  time  for 
simulation  of  explosion  of  "dressed"  tungsten 
wire.  The  vertical  dashed  line  indicates  the 
moment  of  evaporation  of  impurity  layer. 
Simulations  presented  can  give  only  the  rough  estimations  of  the  process  of  tungsten 
wire  explosion.  Nevertheless  we  may  conclude  that  assumptions  of  early  impurity  evaporation 
and  further  evaporation  of  tungsten  do  not  contradict  experimental  data,  at  least. 


CONCLUSION 


Main  result  obtained  for  molybdenum  and  tungsten  wires  is  that  the  voltage  on  axis  drops 
during  first  10  ns.  The  voltage  value  measured  on  axis  at  the  current  beginning  is  too  small  for 
metal  wire  array  resistance  increasing  upon  temperature.  The  plasma  appearance  on  the  wire 
surface  during  first  10  ns  could  explain  the  measured  voltage  dropping.  Thus,  the  wire  array 
resistance  is  resistance  of  plasma  produced  on  the  wire  surfaces. 

The  energy  deposition  in  wire  up  to  moment  of  plasma  production  is  too  small  for 
complete  wire  substance  melting  by  Ohms  heating  of  metal  wires.  So,  the  wire  at  initial  stage 
of  current  action  can  be  presented  as  solid  or  liquid  wire  with  plasma  on  the  wire  surface. 

The  reason  of  plasma  appearing  at  wire  surface  could  be  a  thin  layer  of  light  impurities  at 
the  wire  surface.  After  voltage  applying  the  wire  temperature  will  increase;  the  temperature 
increasing  would  produce  the  vaporization  of  light  impurities  from  the  wire  surface  and  the 
appearance  of  a  gas  (and  then  a  plasma  corona)  near  the  wire.  In  the  region  of  nearest  vicinity 
of  wires  the  plasma  productive  layer  is  originated  due  to  Joule  current  heating  of  plasma 
corona  and  thermal  flux  transfer  to  wire  surface. 
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Experiments  performed  at  the  beginning  of  90-h  year  on  the  installation  «Angara-5-l» 
with  superfast  double  liner  (the  DL)  implosion  [1,2]  demonstrate  principle  possibility  of  soft 
X-ray  radiation  pulse  shortening  up  to  3-5ns.  The  DL  configuration  is  a  promising  way  in  Z- 
pinches  to  diminish  Rayleigh-Taylor  instability,  sharp  soft  X-ray  burst  and  create  the  dynamic 
hohlraum  for  the  ICF.  The  DL  consists  of  the  external  and  coaxial  internal  shells.  A  current 
through  the  external  shell  ionizes  it  and  causes  its  implosion.  The  strike  of  shells  produces 
high  power  soft  X-ray  radiation.  The  following  compression  brings  to  a  formation  of 
enhanced  quality  z-pinch  and  the  second  peak  of  soft  X-ray  radiation  is  produced  (fig.  1,2). 


SIN  period  10ns 

Fig.l.  Current  (J)  and  soft  X-ray  radiation  (SXR)  Fig.2.  Optical  streak  picture  of  DL  implosion, 
in  DL  experiment  on  Angara-5-1 .  Slit  perpendicular  to  DL  axis. 


According  to  the  DL  scheme  concept  [3]  during  the  strike  the  external  liner  herewith 
plays  a  role  of  screen  which  reduces  a  radiation  flux  to  outer  space.  Thus,  it  is  possible  to 
create  conditions  to  irradiate  a  thermonuclear  target  placed  into  the  cavity  of  the  internal  liner. 
The  compression  of  a  target  takes  place  together  with  an  implosion  of  the  internal  liner. 
Therefore  this  scheme  is  named  by  dynamic  hohlraum. 

There  is  an  important  question  about  an  azimuthal  magnetic  flux  penetration  through  the 
external  liner  during  the  DL  implosion.  Anomalous  resistance  of  external  liner  plasma  and 
MHD  instabilities  like  Rayleigh-Taylor  or  Hall  effect  could  be  reasons  of  this  process. 
Phenomena  of  the  azimuthal  magnetic  flux  penetration  through  the  low  density  external  liner 
is  considered  in  [4],  formation  of  the  plasma  precursor  -  in  [5].  This  flux  can  change  the 
d5namic  of  the  strike.  The  strike  will  be  more  elastic  and  the  radiation  power  will  be  reduced. 

In  this  paper  investigations  of  a  magnetic  flux  penetration  through  the  outer  shell  in 
experiments  on  the  installation  Angara-5- 1  are  presented. 
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STATEMENT  OF  EXPERIMENT 


The  experiments  were  conducted  on  the  installation  Angara-5- 1.  The  anode-cathode 
gap  was  of  1cm.  The  external  liner  was  produced  by  hollow  xenon  jet  with  high  Mach  number 
(~6  )  and  diameter  of  32  mm,  generated  by  pulse  annular  nozzle.  The  specific  mass  of  the 
external  shell  was  200pg/cm.  To  prevent  of  a  gas  accumulation  between  the  cathode  and  the 


Penetration  of  magnetic  flux  should  excite 
the  current  through  the  internal  liner.  In  these 
experiments  cylindrical  shunt  was  established  on 
the  axis  of  the  charging  gap  instead  of  the 
internal  liner  to  measure  this  current.  The  shunt 
diameter  was  the  same  as  inner  liner  one  -  4- 
5mm.  A  shunt  length  was  of  1cm.  This  shunt 
allows  to  check  the  penetration  of  the  magnetic 
flux  to  the  axis  as  the  appearance  of  the  current  at 
the  shunt.  Shunt  time  resolution  was  of  5ns. 

Current  of  some  megaamper  level  will 
course  high  voltage  appearance  on  the  shunt  and 
shunt  heating.  To  diminish  a  measured  voltage 
the  resistive  divider  was  installed  in  the  vicinity 
of  the  shunt.  The  shunt  resistance  increasing  was 
take  into  account  for  current  calculation  from 
shunt  signal. 

The  total  load  current  was  measured  with 
the  help  of  eight  B-dot  probes,  located  on  radius 
of  55mm  on  direction  of  each  module.  Current  was  calculated  as  integral  and  mean  values  of 
8  signals. 

The  experiments  were  made  at  current  level  4-5MA  with  front  rise  time  about  80ns. 


anode,  last  was  made  as  a  grid  (see  fig.3). 


RESULTS  OF  EXPERIMENT 

Check  of  a  technique  (without  gash  There  is  a  natural  question  about  an  accuracy  of 
conducted  measurements  and  a  correctness  of  the  shunt  heating  inclusion.  On  fig.4  the  results 
of  calibration  shot  for  measurements  accuracy  checking  are  presented.  The  relative  difference 
of  currents  on  radius  55mm  and  through  a  shunt  on  radius  16.5  mm  (after  correction  on 
heating)  was  not  more  than  1 5  %  in  a  maximum  of  a  current.  The  correction  on  heating  for  a 
current  of  3.5MA  was  a  fraction  of  40%.  From  here  it  follows,  that  the  correction  on  heating  is 
quit  necessary,  and  the  heating  inclusion  permits  to  receive  reasonably  authentic  results. 

Magnetic  flux  penetration.  Typical  signals  for  large  specific  mass  xenon  outer  shell 
implosion  on  the  shunt  are  presented  on  the  fig. 5.  It  is  seen  a  normal  picture  of  implosion. 
Soft  X-ray  and  visible  radiation  arise  at  strike.  Minimum  on  a  total  load  current  derivative 
corresponds  to  a  moment  of  strike.  After  the  collision  of  a  external  liner  with  a  internal  one 
the  current  is  redistributed  and  the  part  of  a  current  of  a  external  liner  begins  to  flow  through 
the  shunt.  The  current  in  a  shunt  is  away  before  strike  and  appears  only  after  strike  of  the 
external  shell  with  the  shunt  -  approximately  after  5ns  from  a  maximum  of  soft  X-ray 
radiation.  A  time  of  increasing  of  a  current  in  a  shunt  is  about  1 0ns. 
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The  current  amplitude  in  the  shunt  is  sufficiently  small;  from  4.2MA  on  radius  55mm, 
through  a  shimt  on  radius  2.5mm  flows  only  0.8MA.  The  rest  of  current  flows  through  a 
plasma  around  the  shunt. 


DISCUSSION 

Outer  shell  shadowgraphy  and  soft  X-ray  frames  show  the  existence  of  Rayleigh-Taylor 
instability  with  wave  length  about  3mm  up  to  30ns  before  strike.  Nevertheless  the  current 
through  the  shunt  from  the  beginning  up  to  the  strike  is  absent  with  the  accuracy  of  1%  of  the 
main  load  current  amplitude.  The  current  absence  through  the  shunt  before  strike  with  the 
existence  of  the  instability  in  this  time  is  the  evidence  that  magnetic  flux  does  not  penetrate 
through  inner  surface  of  the  outer  shell.  It  could  mean  that  instabilities  take  place  mainly  on 
the  outer  surface  of  the  outer  shell  and  anomalous  magnetic  flux  diffusion  through  the  inner 
surface  of  the  outer  shell  is  absent. 

It  should  be  noted  that  a  replacement  of  the  internal  liner  by  a  dense  metal  shunt  changes 
conditions  of  experiment.  Nevertheless  valuations  show  that  a  resistance  of  the  shunt  and 
plasma  of  the  internal  liner  are  comparable.  An  absence  of  a  current  on  the  shunt  before  strike 
means  as  appear  the  absence  of  a  current  through  the  inner  liner  before  strike. 

The  current  amplitude  through  the  shunt  after  strike  reaches  not  so  large  values  -  0.3- 
0.8MA. 

The  increasing  of  a  current  growth 
rate  through  the  shunt  in  comparison  with 
a  current  growth  rate  of  a  generator  in  two 
times  was  observed.  So  phenomenolo¬ 
gically  the  external  liner  can  be 
considered  as  plasma  MHD  switch  which 
ensure  a  current  growth  rate  of 
1.2*10’''A/s. 

It  should  be  noted  that  one  could 
explain  the  results  obtained  as  the  absence 
of  magnetic  flux  penetration  through 
outer  shell  before  the  moment  of  soft  X- 
ray  appearance  and  magnetic  flux 
penetration  in  the  moment  of  soft  X-ray 
appearance.  Anomalous  resistance  of 
external  liner  plasma  in  this  moment 
could  be  the  reason  of  both  the  soft  X-ray 
production  and  the  current  switching  to 
central  region.  This  point  of  view  on 
behavior  of  low  density  external  liner  is 
described  in  [4].  However  the  whole  complex  of  experimental  data  which  were  obtained  in 
previous  DL  investigations  is  the  evidence  of  normal  high  density  outer  shell  acceleration  up 
to  strike  (see  fig.  1  and  2). 

2-D  simulations  of  the  Xenon  annular  gas  puff  implosion  and  collision  with  the  tungsten 
foil  cylinder  similar  to  the  experimental  set  up  at  the  Angara-5- 1  facility  were  performed  by 
means  of  the  complete  radiative  magnetohydrodynamic  code  ZETA  [6]  with  taking  into 
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Fig.4.  Results  on  calibration  shot  (without  gas) 
for  measurement  accuracy  checking. 

Currents  on  radius  55mm  and  through  the  shunt 
on  radius  16.5mm  (with  inclusion  of  shunt 
heating). _ 
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account  kinetics  of  ionization,  equations  of  state,  radiation  transport,  spectral  characteristics  of 
non-equilibrium  plasma,  ion  acoustic  and  LHD  anomalous  resistivity  and  the  Hall  effeet. 

The  plasma  implosion  is 
accompanied  by  development  of  short  and 
long  wave  instabilities  of  different  types. 
The  initial  gas  puff  distribution  was 
inhomogenious  macroscopically  in  an 
axial  direction.  At  the  beginning  of  the 
current  pulse  thermal  and  radiative 
instabilities  produce  short  (about  skin 
depth)  wavelength  perturbations.  Then 
MHD  Rayleigh-Taylor  and  non-isothermal 
(the  last  one  in  low  density  plasma)  modes 
amplify  them  but  mainly  on  the  outer 
surface  of  the  liner  up  to  the  moment  of 
strike  with  the  foil.  According  to 
simulations  the  inner  part  of  outer  shell 
together  with  a  magnetic  field  front  is 
almost  straight.  A  diffusion  of  the 
magnetic  field  is  close  to  classical, 
influenses  of  an  anomalous  resistivity  or 
the  Hall  effect  are  negligible.  The  current 
through  the  foil  begins  at  the  moment  of 
strike  about  120ns  from  the  voltage  pulse 
start,  though  an  explosion  of  the  foil  outer  surface  begins  earlier  by  radiation  and  first  shock 
wave  outstripping  the  shell  since  about  95ns. 
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Fig.5.  Results  of  experiment  of  outer  shell 
implosion  on  the  shunt. 

J[MA]  -  Currents  on  radius  55  mm  and  on 
radius  2.5mm  (with  inclusion  of  shunt  heating). 
Soft  X-ray-  Relative  intensity  of  soft  X-ray 
radiation. 

V.L.  -  Relative  intensity  of  optical  radiation. 


CONCLUSIONS 

The  main  result  is  the  absence  of  a  current  in  the  shunt  before  strike.  It  is  possible  to 
assert  that  an  anomalous  resistance  of  plasma  of  the  external  liner  is  absent  up  to  the  strike 
moment  with  the  internal  one.  A  penetration  of  a  magnetic  flux  with  cross  plasma  jets  or  due 
to  sliding  of  a  liner  on  electrodes  is  absent  too. 

The  experimental  confirmation  of  the  theoretical  predictions  on  the  DL  scheme  is 
obtained:  up  to  the  moment  of  strike  the  current  does  not  penetrate  into  the  internal  area  and 
flows  just  through  the  outer  plasma  shell. 

We  are  grateful  to  A. B. Vinogradov  for  shunts  production  and  the  help  in  measuments. 
This  work  was  supported  by  RFFI  grant  97-02-16888. 
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ABSTRACT 

Results  of  first  experiments  on  powerful  plasma  focus  PF-1000  (IFPiLM)  [1],  loaded  by 
low  mass  foam  liners,  produced  for  „Angara”  (TRINITI)  liner  implosion  program  [2],  are 
presented  in  this  report.  An  interaction  of  PF  current  plasma  shell  and  the  liner  was  the 
problem  of  main  interest  in  our  joint  experiment.  The  main  goal  is  to  elaborate  new  method  of 
plasma  liner  production  for  its  compact  implosion  using  multiterawatt  pulsed  power  driver. 

INTRODUCTION 

As  the  matter  of  fact,  all  multiterawatt  drivers  for  liners  and  Z-pinch  implosion  use  “cold 
start”  of  the  process.  It  means  that  plasma  generation  and  posterior  plasma  liner  implosion  are 
realized  by  the  same  current  generator.  The  initial  current  through  cold  liner  substance  is 
filamented  in  high  extent  due-to  ionization  instabilities.  This  current  contraction  is  provided  by 
plasma  electric  conductivity  and  effects  of  magnetic  pressure  are  small  initially.  But  these 
magnetic  forces  become  significant  with  the  current  rise.  So,  the  initial  current  filament  could 
evolve  under  effect  of  two  alternative  factors:  expansion  due-to  Joule  current  heating  and 
compression  due-to  the  current  magnetic  pressure.  It  is  possible  to  propose  that  the  current 
rise  rate,  specific  for  the  powerful  drivers  ,  is  too  high  to  allow  the  filaments  to  expand,  to  flow 
together  and  produce  azimuthally  homogeneous  liner  plasma;  magnetic  field  around  the 
separate  current  filament  could  confine  it.  Being  responsible  for  liner  azimuthal 
inhomogeneities,  the  filaments  could  enhance  axial  inhomogeneities  of  initial  liner  plasma, 
which  are  especially  dangerous  as  R-T  and  MHD-  instabilities  basis.  Moreover,  it  is  shown  in 
experiments  on  “Angara-5- 1”  that  cold  start  effects  can  destroy  liner  earlier  liner  implosion 
beginning  [2]. 

Consequently,  an  effective  preionization  of  liner  substance  is  the  necessary  condition 
for  the  compact  liner  implosion.  We  treat  the  PF  current  shell  as  the  one  of  possible  preionizers 
for  multiterawatt  driver.  The  high  current  plasma  shell,  being  accelerated  during  some 
microseconds  in  PF  accelerator,  could  deliver  its  kinetic,  thermal  and  magnetic  energy  in  rather 
short  period,  ~  100  ns,  to  liner,  positioned  in  the  shell  focus  region,  providing  appropriate 
initial  conditions  for  fast  implosion.  It  is  necessary  to  mention  here  that  PF  current  shell  fall 
onto  bubble  or  gas  liners  was  investigated  elsewhere  [4-6].  We  used  the  microgeterogeneous 
solid  foam  as  the  plasma  producing  substance,  because  our  foam  liner  technology  allowed  to 
produce  liners  with  different  sizes,  shaping  and  radiative  dopants.  Homogeneity  of  plasma  liner 
produced  was  the  main  problem  of  interest. 
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EXPERIMENTAL  SCHEME  AND  DIAGNOSTICS 
The  experimental  scheme  is  shown  on  Fig.l.  PF  current  shell  imploded  onto  agar  foam 
liner,  positioned  on  the  top  of  inner  electrode  of  PF- 1000  coaxial  accelerator.  Foam  liners  were 
produced  by  vacuum  drying  of  thin  wall  cylinders  made  from  frozen  agar  gel  (1.5  -  3  mg  agar 
in  1  g  of  water).  Liners  had  diameter  20  mm,  15  mm  length,  200  microgram/cm  or  diameter 
5.4  mm,  15-20  mm  length,  250-280  mg/cm.  An  axial  insulating  rod  of  5  mm  diameter  was  used 
to  support  in  horizontal  position  the  (j)20  mm  foam  liner  with  top  electrode.  The  5.4  mm  foam 
liner  had  no  axial  support  and  no  tOp  electrode.  The  metallic  foil  current  shunt  -  (|)  20  mm  liner 
imitator  was  installed  in  some  shots. 

Fig.  1 .  Experimental  scheme. 

1.  -  PF  inner  electrode,  anode;  2-PF 
external  electrode,  cathode;  3 -foam  liner;  I,  II, 
III-  different  positions  of  the  PF  current  shell. 

Operating  parameters  of  PF-1000  were: 
C~  0.001  F,  Vmax=25  kV,  hydrogen  pressure 
~5  Torr,  current  Imax~lMA,  current  rise  time 
4-5  microsecond. 

Measurements  of  dl/dt  and  V(t)  were 
done  to  evaluate  the  total  active  power  in 
discharge  circuit  Wact  =  VI  -  LI(dI/dt), 
L=L(t)-total  inductivity  of  the  circuit  with  moving  current  shell.  Visible  light  streak  camera 
with  radial  slit  at  the  liner  middle  and  optic  frame  camera  (10  frames,  1.6  ns  interval  between 
frames)  were  used  for  current  shell  and  liner  dynamics  investigation.  Time  integrated  soft  X- 
ray  pinhole  camera,  filtered  by  10-25  microns  Be,  allowed  to  analyze  soft  X-ray  radiation 
during  shell  -  liner  contact  and  the  composition  implosion.  Time  resolved  VUV  and  soft  X-ray 
radiation  were  measured  by  a  set  of  filtered  vacuum  photodiodes  (XRDs).  The  VUV  and  soft 
X-ray  radiation  power  was  computed  by  linear  combinations  method,  described  in  [6].  Signals 
were  registered  by  Tektronix  2430A  and  THS-700  oscilloscopes  and  synchronized  with  of 
dl/dt  and  V(t)  traces. 

EXPERIMENTAL  RESULTS 

Typical  signals  of  dl/dt  (Idot, 
MA/(mks.div),  voltage  V  (10  kV/div),  current 
I  (MA/div),  active  power  Wact  (10  GW/div)are 
shown  on  Fig. 2. 

Measured  maximum  of  Wact  during  shell 
acceleration  (~4  ms)  was  ~20  GW,  it  achieved 
20-30  GW  in  period  of  the  shell  -  liner 
collision  and  implosion,  its  duration  being  150- 
300  ns.  After  hydrogen  current  shell  coming  to 
the  (()20  mm  liner  the  external  margin  of  foam 
plasma  becomes  to  expand  during  -100  ns  till 
(1)22  mm,  after  that  it  implodes  to  axial  rod 
with  specific  velocity  -2  cm/ms. 

The  liner  plasma  reflects  from  the  rod  with 
almost  the  same  velocity  after  implosion  (see 
Fig.3a).The  visible  external  margin  of  5.4  mm 
liner  had  no  significant  compression  or  expansion  during  -0.6  ms  after  the  shell  -  liner  contact 
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(see  Fig.3b).  Nevertheless,  the  pretty  shaped  plasma  column  of  ~2  mm  diameter  and  ~10  mm 
length  with  the  core  of  mm  diameter  was  registered  by  pinhole  camera  in  quanta  energy 
>600  eV(see  Fig4a).  No  „hot  spots”  present  on  this  picture. 

X-ray  measurements. 

VUV  and  soft  X-ray  radiation  arises  during  300-500  ns  to  10-30%  of  maximum  value. 
Then  intensive  narrow  (-100-200  ns)  peak  of  emission  occurs  with  front  rise  time  ~50  ns.  This 
is  close  to  frequency  band  of  oscilloscope  used.  The  peak  appears  in  the  moment  of  pinch 


Fig.  3  a,  b 


Visible  light  streak  of  radial  slit  at  the  liner  length  middle.  Streak  duration  2  ps.  Fig.3a- 
liner  (j)  20  mm  with  supporting  axial  rod  of  <|)  5  mm;  Fig.3b-  liner  (j)  4.5  mm  ,  no  supporting 

rod,  t-  PF  current  shell  image  coming  to  the  foam  liner. _ 

collapse  and  corresponds  to  maximum  Wact-  After  the  peak  emission  the  radiation  intensity 
continues  about  Imks  at  the  level  of  ~0.3-0.5  of  maximal  value.  This  time  is  some  more  than 
the  period  of  „stable”  pinch  on  axis,  viewed  by  optic  streak.  Then  VUV  drops  during  some 
microseconds. 


Maximal  measured  power  of  VUV  and.  soft 
X-ray  radiation  for  5.4  mm  diameter  foam  liner 
achieved  ~2  GW,  about  1  GW  being  measured 
in  10-120  eV  band  and  almost  the  same  power 
in  0.12-1  keV  region.  Taking  into  account 
absorption  by  hydrogen  leads  to  higher  power 
at  10-120eV  band.  Total  power  should  be 
estimated  as  3.5-8  GW  with  ~1  GW  part  harder 
than  120  eV.  Emission  in  0.1-1  keV  region 
should  be  bound  probably  with  more  heated 
internal  region  of  plasma  column.  (hv>0.6keV) 
This  picture  shows  the  pinch  of  (j)  4.5  mm  foam 
liner.  The  hot  core  was  about  1mm  diameter 
and  of  almost  all  initial  foam  liner  length.  Plasma  corona  diameter  was  about  3-5  mm  as 
measured  by  optic  streak  camera.  The  intensity  of  hydrogen  PF  shell  radiation,  collapsed 
behind  the  foam  liner  of  15  mm  length,  was  relatively  small. 

Preliminary  analysis  of  the  radiation  spectra  gives  the  plasma  temperature  evaluation  as 
T=30-50  eV.  This  value  is  close  to  temperature  evaluation  by  Bennett  equation  at  the  current 
of  ~  IMA.  Radiation  is  significantly  softer  before  the  maximum  peak  during  the  phase  of 
implosion. 
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Fig.  4.  VUV  and  soft  X-ray  radiation 
power  [GW]  versus  time  [ps],  for  5.4  mm 
diameter  foam  liner 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 


We  consider  results  of  this  first  experiment  as  optimistic. 
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1.  The  low  mass  PF  current  shell  interaction  with  higher  mass  foam  liner  has  produced 
rather  homogeneous  foam  plasma  liner.  We  couldn’t  see  filaments  in  liner  plasma.  Foam  liner 
didn’t  expand  during  the  process  dramatically. 

2.  The  foam  plasma  produced  has  temperature  T  >~20  eV  and  ,  consequently,  liner  electric 
conductivity  is  sufficient  for  effective  implosion  beginning  by  3-5  MA  current  with  dl/dt  > 
5.1013A/S 

PF  junction  with  multitefawatt  driver  and  their  synchronized  operation  are  possible  in 
principle.  We  can’t  couple  PF-1000  and  “Angara-5-1  “  to  test  preionization  effects  of  >1  MA 
current,  available  on  PF-1000.  We  believe  this  current  level  will  be  good  for  the  drivers,  being 
more  powerful  than  “Angara-5- 1”.  Consequently,  testing  of  this  preionization  method  at  -100 
kA  current  level  is  planned  on  “Angara-5-1”. 

PLASMA  FOCUS 
CURRENT  SHELL 
PREIONIZATION  ON 
ANGARA-5-L 
For  Anagara-5- 

1  conditions  the  plasma  shell 

microsecond  current  is  produced 
by  capacity  storage  with 

parametes:  C=12pF,  U=25kV, 
Tl/2=  14ps,  Imax  =90  kA. 

The  electrical  testing  and 
sinchronization  of  preionization 
current  pulse  with  Angara- 5-1 
main  pulse  is  performed  using 
multywires  liner,  as  presented  on 
Fig.  6.  Insulator  inserted  into 
cathode  is  flashover  switch.  This 
switch  has'nt  breakdown  up  to  the  moment  of  main  Angara-5- 1  pulse.  In  case  of  a  gas  shell 
using  the  columns  2  will  work  as  a  flasover  switches. 
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ABSTRACT 

Magnetohydrodynamic(MHD)  instabilities,  such  as  kink  and  sausage  instabilities, 
appeared  on  the  gas-puff  z-pinch  plasma  during  the  pinching  process  prevent  spatial  stability  of 
hot  spots,  which  are  high  energy  density  plasma  regions  produced  by  those  instabilities  on  the 
z-pinch  plasma  column  locally.  Spatial  stabilization  of  hot  spots  in  the  axial  direction  is  very 
important  to  have  practical  applications. 

In  this  study,  radius  and  velocity  of  the  inwardly  tilted  gas-puff  z-pinch  plasma  during  the 
compression  and  efficiency  of  energy  conversion  were  analyzed  theoretically  by  solving  one 
dimensional  snowplow  model(lD-SPM)  and  circuit  equations  which  considered  inductive 
pulsed  power  generator.  Those  results  were  compared  with  experimental  results  measured  with 
framing  photograph  of  the  pinching  plasma.  Efficiency  of  energy  conversion  of  an  input  energy 
supplied  from  the  inductive  pulsed  power  generator  into  kinetic  energy  of  the  z-pinch  plasma 
and  final  pinching  velocity  of  the  plasma  exceeded  that  in  comparison  with  fast  bank  method. 
These  results  received  benefit  from  the  fast  and  large  pinching  current  transferred  from  the 
inductive  pulsed  power  generator. 


1.  INTRODUCTION 

In  gas-puff  z-pinch,  hollow-shaped  neutral  gas  injected  between  electrodes  causes 
breakdown  and  the  hollow  plasma  is  produced.  The  plasma  is  compressed  by  Lorentz  force 
inwardly  and  intensive  soft  x-ray  is  emitted.  Since  the  gas-puff  z-pinch  device  has  a  compact 
configuration  and  high  density  and  temperature  plasmas  are  easily  produced,  it  received  much 
attention  as  soft  x-ray  sources 

If  a  conventional  fast  bank  method  which  only  utilizes  discharge  from  a  capacitor  is  used 
as  a  pulsed  power  source,  the  spatial  stabilization  of  local  hot  spot  as  a  soft  x-ray  emitter  is 
difficult.  Inductive  pulsed  power  generator  can  drive  fast  rising  current  to  the  z-pinch  plasma 
much  faster  than  the  fast  bank  and  is  expected  to  improve  the  plasma  stabilization.  So  far,  we 
observed  pinching  process  of  the  z-pinch  plasma  column  produced  by  fast  bank  method  and 
inductive  pulsed  power  generator  with  image-converter  camera  and  recognized  that  instability 
mode  differed  with  each  other  in  both  methods 

In  this  study,  we  measured  the  radius  and  radial  velocity  of  the  z-pinch  plasma  by  using 
framing  photograph.  Moreover,  we  carried  out  numerical  calculation  according  to  one 
dimensional  snowplow  model  based  on  momentum  conservation  and  obtained  satisfactory 
agreement  between  calculated  and  experimental  values  about  the  radius  and  radial  velocity. 
Kinetic  energy  and  conversion  efficiency  in  the  pinching  process  were  also  discussed. 


2.  EXPERIMENTAL  SETUP  AND  EQUIVALENT  CIRCUIT 

Schematic  diagram  of  the  experimental  setup  with  inductive  pulsed  power  generator  is 
shown  in  Ref.  [3].  The  inductive  pulsed  power  system  has  19.8kJ  of  primary  energy  and  fine 
copper  fuses  as  an  opening  switeh.  By  removing  fuses  from  the  system,  it  is  also  worked  as  a 
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fast  bank  system.  Operational  gas,  Argon,  is  puffed  into  through  an  introverted  hollow  shaped 
anode  with  an  internal  diameter  of  4mm  and  an  external  diameter  of  8mm.  A  conical  cathode 
with  4mm  in  tip  diameter  is  used.  Gap  space  is  10mm.  The  charging  voltages  of  the  capacitor 
for  fast  bank  and  inductive  pulsed  power  methods  are  controlled  to  25kV  and  28kV  respectively 
so  as  to  make  equal  the  peak  plasma  current  in  both  methods.  Pinching  plasma  is  observed  with 
image-converter  camera(ICC).  Equivalent  circuit  of  the  inductive  pulsed  power  system  is 
shown  in  Fig.  1(a),  where  IJt),  fjt),  L,,  and  L2  are  generator  current,  load  current, 
equivalent  resistance,  equivalent  inductance  of  the  circuit  through  the  fuses  and  inductance  of 
the  load,  respectively.  Rf(t}  and  denote  the  resistance  and  inductance  of  fuses.  Plasma 
inductance,  L^(t),  is  obtained  from  an  equation  of  inductance  for  a  cylindrical  inductor  and 
plasma  resistance,  R^,  is  calculated  from  Spitzer’s  equation.  Efficiency,  rj,  which  is  a  ratio  of 
plasma  kinetic  energy,  to  electrical  energy  supplied  to  the  plasma,  is  defined  with 

load  voltage,  f]  and  V ^^Jt)  are  given  by 
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where  m(t)  is  plasma  mass  and  v(t}  is  radial  velocity.  Parameters  in  the  present  numerical 
calculation  were  taken  as  /?^=0.1Q,  RpiO)  =50mQ,  L;r=50nH,  ro=4mm  and  r;=2mm. 


3.  GAS-PUFF  Z-PINCH  PLASMA  MODEL 

We  calculated  the  plasma  radius  and  velocity  by  combing  one  dimensional  snowplow 
model  with  the  circuit  equations.  The  model  is  based  on  momentum  conservation  and  extremely 
accurate  in  spite  of  raking  little  trouble  of  calculation  In  order  to  carry  out  numerical 
calculation,  initial  pressure  in  the  puffed  gas  should  be  given.  The  followings  are  assumed  for 
simplicity. 

(a)  All  load  current  flows  through  the  outer  shell  of  the  cylindrical  plasma  which  is 
symmetrical  with  respect  to  the  z-axis  and  thin  infinitely.  Behavior  of  the  pinching  plasma  is 
only  dominated  by  difference  between  the  pressures  working  in  the  current  layer.  At  this  time, 
the  diffusion  of  gases  is  ignored. 

(b)  The  plasma  compressed  under  fixed  volume  is  adiabatically  imploded  and  the  pressure 
by  expanding  gases  is  considered  after  internal  radius  of  the  plasma  reaches  the  z-axis. 

(c)  The  plasma  is  an  ideal  gas  and  a  fully  ionized  plasma. 

The  initial  pressure  was  determined  by  comparing  experimental  value  with  calculation.  The 
model  of  cylindrical  pinching  plasma  is  illustrated  as  shown  in  Fig.  1(b),  where  r-,  and  r(t) 
is  the  initial  inner  radius,  initial  outer  radius  and  plasma  radius  respectively.  P„Jt)  shows  the 
outer  pressure  which  is  produced  by  Lorentz  force  and  P,J,i)  is  the  pressure  by  expanding  gases. 
The  equation  for  the  motion  of  the  plasma  per  unit  length  is  written  as  follows: 

(1)  In  case  of  r(t)  > 
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where  p  is  the  gas  density  and  is  permeability  of  vacuum,  respectively,  is  the  radius  when 
inner  radius  of  the  plasma  reaches  the  z-axis. 


4.  RESULTS  and  DISCUSSIONS 

Framing  photograph  taken  by  ICC  is  shown  in  Fig.  2.  The  exposure  time  of  each  frame  is 
10ns  and  the  time  interval  between  adjacent  two  frames  is  20ns.  The  times  labeled  in  Fig.  2 
show  the  time  after  the  z-pinch  current  begins  to  flow.  It  is  recognized  that  there  are  few 
constrictions  on  the  axis  at  l.OSps.  These  contractions  are  due  to  sausage  instability  and  this 
region  is  considered  hot  spot  as  the  soft  x-ray  source.  Plasma  radius  and  velocity  at  final  stage 
of  implosion  measured  from  Fig.  2  at  the  position  of  7.2mm  away  from  the  anode  were  0.2mm 
and9.8km/s,  respectively. 

Plasma  radius  and  imploding  velocity  by  numerical  calculation  are  shown  in  Fig.  3  and  4, 
respectively.  Experimental  values  of  the  radius  and  velocity  obtained  from  Fig.  2  are  also 
plotted  in  both  figures.  Effective  initial  pressure  at  calculation,  Pg,  is  chosen  so  as  to  fit  with 
experimental  results.  Pg  is  turn  out  to  be  90  Torr.  Calculated  results  of  generator  current,  1^, 
and  load  current,  4,  are  also  shown  in  these  figures.  Calculation  results  of  plasma  radius  and 
imploding  velocity  also  agree  well  with  experimental  results.  As  a  results,  the  present 
snowplow  model  with  cylindrical  pinching  plasma  near  the  maximum  compression  describes 
very  well  the  experiments  even  if  electrodes  used  actually  is  introverted  shape. 

Fig.  5  shows  the  Calculation  results  of  rj,  and  with  inductive  pulsed  power 
generator.  Time=0ps  in  this  figure  corresponds  to  the  time  when  4  begins  to  flow,  that  is 
2. 44)1  s  in  Fig.  3  and  4.  It  is  found  from  this  figure  that  l^e  plasma  and  supplied  to 

the  plasma  have  maximum  as  well  as  rj  when  the  z-pinch  plasma  extremely  imploded.  The 
maximum  efficiency  for  the  studied  system  is  about  30%.  Under  same  condition,  calculated 
results  of  the  efficiency  and  energies  with  fast  bank  method  are  shown  in  Fig.  6  for 
comparison.  It  is  argued  that  is  more  efficiently  supplied  to  the  pinching  plasma  in  the  case 
of  inductive  pulsed  power  method  as  compared  with  fast  bank  method. 


5.  CONCLUSIONS 

In  this  work,  ID  snowplow  model  confined  with  the  circuit  equations  for  the  inductive 
pulsed  power  generator  is  calculated  and  compared  with  experimental  results.  The  results  may 
be  summarized  as  follows. 

(1)  Plasma  radius  and  implosion  velocity  calculated  with  ID  snowplow  model  agree  well  with 
experimental  results. 

(2)  Efficiency  estimated  by  numerical  calculation  reaches  to  about  30%. 

(3)  The  input  energy  can  be  more  efficiently  supplied  to  the  pinched  plasma  produced  by 
inductive  pulsed  power  generator  as  compared  with  fast  bank  method. 
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(a)  Equivalent  circuit  of  (b)  Gas-puff  z-pinch 
inductive  pulsed  power  plasma  model, 
system, 

Fig.l  Calculation  model 


Fig.2  Framing  photograph  of  the  pinching 
plasma  driven  by  inductive  pulsed  power 
generator. 
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Fig.3  Plasma  radius  in  case  of  inductive 
pulsed  power  system. 


Fig.4  Imploding  velocity  in  case  of 
inductive  pulsed  power  system. 
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Fig.5  Calculated  results  of  efficiency  and 
energy  with  inductive  pulsed  power 
generator. 
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Fig.6  Calculated  results  of  efficiency  and 
energy  with  fast  bank  method. 
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ELECTRON  BEAMS  AND  X-RAY  POLARIZATION  EFFECTS 
IN  PLASMA-FOCUS  DISCHARGES 
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Abstract:  The  generation  of  intense  electron  beams  during  the  formation  of  „hot-spots” 
within  a  dense  magnetized  plasma  of  PF-type  discharges  has  been  confirmed  by  reproducible 
experiments  [1],  Recently  discovered  phenomenon  of  the  polarization  of  X-rays  emitted  from 
the  hot-spots  [2]  seems  to  be  strongly  coupled  with  the  emission  of  the  intense  electron 
beams.  This  paper  presents  results  of  recent  experimental  studies  of  the  phenomenon  in 
question  and  some  mutual  relations. 


1.  INTRODUCTION 

Pinch  columns,  as  produced  within  Plasma-Focus  (PF)  facilities  (i.e.,  in  devices  equipped 
with  two  coaxial  electrodes  separated  by  a  tubular  insulator  at  one  end),  are  sources  of  intense 
corpuscular  and  X-ray  emission.  In  PF-type  discharges  performed  with  a  gas  mixture  of 
deuterium  and  argon  (or  xenon)  one  can  easily  observe  the  formation  of  distinct  miniature 
regions  of  an  increased  X-ray  emission  (so-called  „hot-spots”),  which  are  characterized  by 
higher  electron  concentrations  and  higher  electron  temperatures. 


In  order  to  determine  these  basic  plasma 
parameters  by  means  of  spectroscopic 
methods,  we  used  two  X-ray  spectrometers 
with  dispersion  planes  oriented  in  mutually 
perpendicular  directions  .  The  two  Johanson- 
type  spectrometers  were  equipped  with 
concave  quartz  crystals  with  an  interlayer 
distance  equal  to  2d  =  8. 5 A  and  6. 67 A, 
respectively.  The  both  X-ray  spectrometers 
were  placed  side-on  at  80  degrees  to  the  z- 
axis  ,  and  the  spectral  measurements  covered 
the  wavelength  range  from  3. 5 A  to  5.0A. 
The  dispersion  plane  of  the  first  spectrometer 
was  parallel  to  the  discharge  axis,  while  that 
of  the  second  one  was  perpendicular  to  this 
axis.  Typical  X-ray  spectra  obtained  from  PF 
discharges  have  been  presented  in  Fig.  1 . 

A  characteristic  feature  of  the  spectra 
appears  to  be  a  distinct  difference  in  relative 
intensities  of  the  resonance  and 
intercombination  lines  (ArXVII-'P,  ArXVII- 
^P)  registered  with  the  two  spectrometers 
simultaneously.  This  effect  can  be  explained 
by  a  different  polarization  of  the  considered 
spectral  lines  (taking  into  consideration  that 
they  should  be  polarized  in  the  direction 
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Fig.l.  X-ray  spectra  demonstrating  argon-ion  lines 
as  registered  for  a  single  PF  shot  by  means  of  two 
crystal  spectrometers  with  the  dispersion  planes 
oriented  in  mutually  perpendicular  directions. 
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perpendicular  to  the  discharge  axis).  Since  the  plasma  parameter  (temperature  and 
concentration  values)  are  determined  on  the  basis  of  relative  intensities  of  selected  spectral 
lines,  an  appropriate  interpretation  of  the  polarization  effect  in  required. 

A  theory  of  the  polarization  for  the  X-ray  wavelength  region  offers  two  possible 
explanations  of  this  effect:  appearance  of  strong  local  electric  fields,  in  which  the  plasma 
emits  the  spectral  lines  under  consideration,  or  anisotropy  of  the  electron  velocity  distribution 
function  .The  polarization  of  the  X-ray  emission  gives  an  evidence  that  highly-charged  ions 
interact  with  free  electrons  of  kinetic  energy  equal  to  about  3  keV  (  since  there  are  excited 
the  spectral  lines  corresponding  to  about  4 A  wavelength).  Some  theoretical  studies  of 
electron  beams  within  z-pinches  [3]  suggest  that  such  3  keV  electrons  appear  always  when 
there  are  formed  “hot-spots”  emitting  e-beams  of  higher  energy  (>  100  keV).  It  has  been 
suspected  that  such  e-beams  are  generated  within  strong  electric  fields  appearing  at  the  z- 
axis  due  to  the  run  away  effect  and  they  propagate  along  the  pinch  axis. 

The  main  aim  of  this  work  was  to  find  some  experimental  evidence  of  the  appearance  of 
the  electron  beams  which  might  induce  the  polarization  of  X-rays  emitted  from  a  PF  pinch 
column. 


2.  EXPERIMENTAL  SET-UP  AND  DIAGNOSTIC  METHODS 

The  experiments  were  carried  out  at  the  MAJA  PF  facility  [1]  which  was  equipped  with 
two  coaxial  electrodes  of  7.2  cm  and  12.4  cm  in  dia.,  respectively.  The  system  was  powered 
from  a  condenser  bank  of  a  nominal  energy  equal  to  45  kJ,  at  the  initial  charging  voltage  of 
35  kV.  The  power  supply  system  made  possible  to  achieve  the  maximum  discharge  current 
equal  to  about  500  kA.  Before  PF  shots  the  main  experimental  chamber  was  pumped  out  and 
filled  up  with  a  deuterium  or  deuterium  and  argon  mixture  (  up  to  20%)  under  an  initial 
pressure  of  1-3  Torr. 

Time-integrated  X-ray  pictures  of  the  PF  discharges  were  taken  with  a  pinhole  camera 
equipped  with  a  lOO-pm-dia  diaphragm  and  a  lO-pm-thick  Be-foil  filter.  Time  resolved 
measurements  of  fast  electrons  were  performed  by  means  of  Cerenkov-type  detectors  placed 
at  different  angles  (45°,  90°,  and  180°)  to  the  z-axis.  Those  detectors  were  equipped  with 
special  radiators  (made  of  rutil  crystals)  which  enabled  the  registration  of  electrons  of  energy 
above  50  keV  to  be  performed  [4]. 

Electron  energy  spectra  were  registered  with  a  miniature  magnetic  analyzer  equipped 
with  two  permanent  magnets  which  deflected  analyzed  electrons  by  180  degrees.  This 
device  made  possible  the  registration  of  electrons  within  energy  range  from  5  keV  to  1  MeV. 
In  order  to  perform  time-resolved  measurements  of  electron  beams  of  different  energy  there 
were  used  miniature  scintillation  detectors  coupled  through  separate  optical  cables  with  a 
multichannel  digital  analyzer  of  the  HP-16500  type.  Other  channels  were  used  to  register  soft- 
and  hard-X-rays,  neutron  pulses,  VR  emission  from  a  pinch  column  and  electrical  discharge 
waveforms  (voltage  and  current  traces) . 


3.  STUDIES  OF  ELECTRON  BEAMS 

In  our  previous  studies  [1-2]  there  were  observed  correlations  between  the  appearance, 
number  and  duration  of  “hot-spots”,  and  fast  electron  beams  registered  with  the  Cerenkov- 
type  detectors,  placed  behind  the  main  collector  plate  (i.e.,at  180°).  Such  correlations 
suggest  that  the  fast  e-beams  are  evidently  involved  ,  and  their  interaction  with  high-ionized 
species  (within  a  hot  plasma)  can  result  in  the  polarization  of  emitted  X-rays.. 
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3.1  Electron  energy  spectra 


a. 


b. 


Energy  spectra  of  e-beams 
emitted  along  the  z-axis  (through  the 
hollow  inner  electrode)  were 
measured  with  the  miniature 
magnetic  analyzer  placed  at  a 
distance  of  about  50  cm  from  the 
pinch  column  center.  That 
spectrometer  was  equipped  with  a 
100-pm-dia.  entrance  aperture,  and  a 
Kodak  X-ray  film.  An  example  of  the 
registered  spectrum  has  been  shown 
in  Fig.2.  An  analysis  of  numerous 
electron  images  showed  that  the  e- 
beams  emitted  from  the  pinch  region 
(in  the  upstream  direction)  contain 
electrons  of  energy  ranging  from 
several  keV  to  about  600  keV.  The 
registered  electron  images  are  not 
uniform  and  one  can  discern  regions 
of  high  intensity  upon  a  weaker 
background  or  even  behind  it  (see 
Fig.2a&b).  It  means  that  there  are 
emitted  e-beams  within  a  relatively  narrow  energy  band.  Such  electron  beams  can  originate 
from  different  local  sources,  which  might  be  identified  with  “hot-spots”  (or  their  close 
surroundings).  A  spatial  spread  of  the  electron  images  in  the  direction  perpendicular  to  the 
symmetry  axis  of  the  picture  on  the  X-ray  film  can  be  explained  by  an  effect  of  the  electrical 
charges  repulsion  as  well  as  by  elastic  and  non-elastic  scattering  of  electrons  by  working  gas 
atoms. 

According  to  the  previous  observation  [5]  the  “hot-spots”  are  formed  successively, 
starting  from  the  front  plane  of  the  inner  electrode  and  propagating  with  the  current  sheath 
colliding  upon  the  z-axis.  If  different  e-beams,  corresponding  various  parts  of  the  electron 
energy  spectrum,  are  generated  within  (or  nearby)  different  “hot-spots”,  time-resolved 
electron  signals  should  appear  at  different  instants. 


ELECTRON  ENERGY  [keV] 

Fig.2.  Electron  energy  spectrum  obtained  from  a  single  PF 
discharge  by  means  of  the  magnetic  spectrometer:  a  -  with  the 
registration  directly  upon  the  X-ray  film;  b  -  with  the  registration 
behind  a  filter  which  constituted  the  base  layer  of  the  film;  c  -  a 
diagram  showing  a  dependence  of  intensity  versus  electron  energy 


3.2.  Time  resolved  studies  of  e-beams 


Time-resolved  electron  signals,  corresponding  to  selected  regions  of  the  electron  energy 
spectrum,  were  registered  by  means  of  the  miniature  scintillators  placed  inside  the  magnetic 
analyzer.  Some  examples  of  such  signals,  as  obtained  from  fast  photomultipliers  coupled 
with  the  HP  digital  oscilloscope,  have  been  presented  in  Fig.  3.  Each  oscilloscope  channel 
shows  electron-induced  pulses  belonging  to  a  narrow  energy  band,  which  can  be  estimated  as 
a  determined  average  value  ±10%,  because  of  given  dimensions  of  the  miniature  scintillation 
detectors. 

On  the  basis  of  a  comparative  analysis  of  different  electron  signals  from  various  energy 
bands,  one  can  formulate  the  following  conclusions: 

-  Individual  peaks  may  correspond  to  different  “hot-spots”.  It  can  be  substantiated  if  one 
takes  into  consideration  a  shape  ,  an  appearance  time,  and  a  duration  time  of  the  pulses  in 
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Fig  .3.  Time  resolved  signal  from  electrons  rostered 
within  a  diosen  energy  bands. 


question,  It  can  also  be  proved  by  a 
comparison  of  those  signals  with 
time-integrated  X-ray  pinhole 
pictures,  taking  into  account  that 
such  pictures  are  in  fact  the  flash 
photos. 

—  During  a  single  PF  shot  (discharge) 
the  “hot-spots”  can  emit  e-beams 
within  narrow  energy  bands,  which 
are  different  for  various  “hot-spots”. 

-  Intensity  of  the  electron  beams 
reaches  the  maximum  at  about  50 
keV. 

It  should  be  noted  that  the 
Cerenkov-type  detectors,  placed  a 


45  and  90  in  relation  to  the  z-axis,  have  also  registered  some  weak  signals  induced  by  fast 
(  >50  keV)  electrons.  Along  the  z-axis  there  were  also  measured  ion  (deuteron)  beams 
reaching  the  detector  plane  with  a  time  delay  of  about  100  ns.  An  estimated  energy  value  of 
those  deuterons  amounted  300-500  keV.  Results  of  the  ion  measurements  will  be  presented 
in  a  separate  paper. 


4.  SUMMARY  AND  CONCLUSION 

The  most  important  results  of  our  recent  studies  of  e-beams,  generated  by  the  MAJA-PF 
facility,  can  be  summarized  as  follows: 

1.  The  pulsed  e-beams,  emitted  mostly  along  the  z-axis  in  the  upstream  direction,  contain 
the  low-energy  (about  several  keV)  electrons  as  well  as  high  energy  (above  500  keV) 
electron  bunches. 

2.  Individual  „hot-spots”  can  be  identified  as  local  sources  producing  different  e-beams  of 
energy  within  relatively  narrow  bands. 

3.  During  a  single  PF  discharge  the  „hot-spots”,  formed  successively  along  the  x-axis,  can 
emit  e-beams  of  an  average  energy  value  different  for  each  “hot-spot”. 

4.  The  experimental  results  suggest  that  the  low  energy  electron  beams  can  be  responsible 
also  for  anisotropy  of  the  velocity  distribution  function.  It  means  that  they  can  induce  the 
polarization  of  some  X-ray  spectral  lines. 

5.  Numerous  high-energy  e-beams  (of  energy  ranging  several  hundred  keV)  give  evidence 
that  inside  a  pinch  column  there  are  formed  strong  local  electric  fields,  inducing  also  the 
emission  of  some  spectral  lines.  It  means  that  the  both  mechanisms  can  cause  the  polarization 
of  the  X-ray  emission  from  pinch  columns  produced  by  PF-type  discharges. 
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1.  INTRODUCTION 

The  capillary  discharges  (or  sliding  spark  devices  -  as  they  were  sometimes  called)  have 
been  studied  since  the  year  1965  [1]  primarily  as  high-intensity  pulsed  light  sources.  Only 
about  ten  years  ago  they  were  recognised  as  potential  soft  X-ray  lasers  [2-8],  Most  of  these 
pioneering  papers  describe  amplified  emission  of  the  Balmer  alpha  (Ha)  line  {3p-3s  transition, 
X,  -  18.22  nm}  of  hydrogen-like  carbon  (C  VI),  which  occurs  due  to  inversion  population  of 
the  appropriate  atomic  energy  levels.  The  active  element  -  carbon  -  is  ablated  to  the  discharge 
from  capillary  walls  usually  made  of  polyethylene  or  polyacetal.  The  population  inversion  is 
reached  according  to  the  recombination  pumping  scheme  -  due  to  rapid  conductive  cooling  of 
a  hot  plasma  by  capillary  walls.  The  capillary  diameter  does  not  much  exceed  1  mm  and 
capillary  length  is  up  to  50  mm.  Anyhow,  the  amplification  has  been  achieved  only  during  the 
first  few  shots  (therefore,  the  capillaries  had  to  be  replaced  frequently)  and  the  gain  of  these 
lasers  was  relatively  small  (up  to  2.8  cm'^  [8]).  Also  at  gain  scaling  with  length  the  values  close 
to  the  saturation  ones  have  not  been  reached. 

One  of  the  first  papers  proposing  the  amplification  in  a  gas  filled  capillary  (at  that  time 
called  the  ultrafast  small  diameter  Z-pinch  discharge)  appeared  in  1991  [7].  The  authors  were 
focused  on  4f-3d  and  4d-3p  transitions  (X,  =  51.97  and  49.85  nm  respectively}  of  lithium-like 
oxygen  (O  VI).  Also  in  this  case  the  recombination  pumping  scheme  played  decisive  role,  but 
the  capillary  diameter  was  as  large  as  14  mm  and  the  capillary  length  was  prolonged  up  to  90 
mm.  This  experiment  might  be  characterised  by  enhanced  reproducibility,  increased  repetition 
rate  and  lifetime,  but  much  smaller  gain  (0.28  cm"'  and  0.24  cm’’  for  the  first  and  the  second 
transition,  respectively  [8,  9]). 

In  1992  two  independent  groups  [10,  11]  came  nearly  simultaneously  with  an  idea  to 
build  up  the  population  inversion  in  gas  filled  capillaries  with  the  help  of  collisional  -  excitation 
pumping  scheme.  In  next  few  years  the  Rocca’s  group  reported  [12-14]  strong  amplification  of 
neon-like  argon  (Ar  IX)  line  {3p-3s  transition,  X,  =  46.88  nm},  demonstration  of  lasing  and 
finally  achievement  of  saturation  limit.  The  key  point  of  this  approach  is  the  fast  current  rise- 
time  (-1-4.10*^  A/s)  in  a  pre-ionised  gas,  which  ensures  a  rapid  detachment  from  the  capillary 
walls  (by  Z-pinch  effect)  to  limit  the  amount  of  material  ablated  from  the  walls  and  in  this  way 
to  control  the  number  of  particles  to  be  heated.  These  results  triggered  a  burst  of  interest  and  a 
number  of  papers  appear  and  specialised  sections  in  conferences  are  organised. 

Even  we  were  attracted  by  numerous  applications  of  coherent  soft  X-rays  and  decided  to 
build  a  fast  capillary  discharge,  despite  it  is  generally  understood  as  a  relatively  sophisticated 
apparatus.  Since  the  beginning  we  paid  grate  attention  to  its  design:  we  performed  a  lot  of 
modelling  and  optimisation  [15,16].  The  present  paper  aims  at  comparison  the  designed 
(computed)  parameters  with  the  measured  values. 
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2.  APPARATUS 


Spacer 


Spark  gap 


Rogowski  coil 


Fast  valve 


Fast  capacitor 


Capillary  array  window 
-To  Spectrometer 

Capillary  |t| 

To  Vacuum  pump 


The  designed 
apparatus  (see  Fig.  1) 
consists  of  a  Marx 
generator,  a  coupling  |  generator 
section  (spacer),  a 

fast  capacitor  (pulse 
forming  line)  with  a  To  Vacuum  pump 

closely  coupled  main  pjg  j  Schematic  drawing  of  the  apparatus, 
spark  gap  and  a 

capillary.  Attached  is  gas  filling  and  pumping  assembly. 

Contrary  to  the  situation  described  in  our  previous  papers  [15,16],  we  use  now  a  newly 
adopted  fully  screened  oil  insulated  Marx  generator  (originally  used  at  REBEX  machine)  as  a 
power  supply.  After  reconstruction  it  has  8  stages,  each  of  them  containing  two  couples  (positi¬ 
vely  and  negatively  charged)  of  two  400  nF/100  kV  condensers  in  series.  The  whole  generator 
(erected  capacity  12.5  nF)  was  successfully  tested  up  to  the  charging  voltage  of  25  kV  (erected 
voltage  400  kV).  Its  short-circuit  inductance  is  14.2  pH  and  serial  resistance  5.7  Q. 

The  coupling  section  (spacer)  is  a  short  SFe  gas  filled  coaxial  cylindrical  line  of  the 
dimensions  0426  x  088  x  287  mm  (Lspacer  ~  95  nH,  Cspacer  “  10  pF,  ^spacer  =  95  Q), 
which  functions  as  an  interface  between  the  oil  insulated  Marx  generator  and  the  water  filled 


pulse  forming  line. 

As  a  fast  capacitor  we  used  a  coaxial  cylindrical  line  of  the  dimensions  0262  x  0158  x 
675  mm  with  de-ionised  water  as  a  dielectric,  It  has  capacitance  Ciine  =  6.01  nF,  inductance 
Liine  ="  68.28  nH  and  characteristic  impedance  Zune  =  (Lline/Cline)*^^  3.37  Q.  At  the  end  of 
the  line  the  main  spark  gap  is  placed,  to  which  a  capillary  assembly  is  attached.  The  inner  part 
of  the  spark  gap  is  filled  (through  the  Marx  generator,  the  coupling  section  and  the  fast 
capacitor)  by  SFg  gas  for  reducing  its  longitudinal  dimensions,  while  the  outer  part  of  the 
electrode  gap  is  filled  by  water.  In  this  way  the  spark  gap  capacity  is  significantly  enlarged, 
which  is  one  of  the  factors  determining  the  pre-breakdown  current.  This  current  pre-ionises  the 
gas  in  the  capillary  and  ensures  thus  the  sufficiently  fast  main-current  rise-time  mentioned  in 
the  Introduction.  Thus  the  plasma  in  the  capillary  is  very  rapidly  de-coupled  from  the  capillary 
walls  (by  Z-pinch  effect)  and  the  number  of  particles  ablated  from  the  wall  remains  limited. 

The  20  cm  long  capillary  is  directly  attached  to  the  main  spark  gap  (having  one  common 
electrode).  It  is  placed  in  a  shielding  and  circuit  closing  metallic  cylinder  of  the  diameter  of 
60  mm.  The  working  gas  is  injected  as  well  as  the  generated  radiation  is  monitored  through 
orifices  in  the  outer  electrode. 

Such  a  design  is  very  critical:  on  one  hand  the  fast  current  rise-time  requires  to  diminish 
both  the  capacitance  of  the  fast  capacitor  and  the  inductance  of  the  circuit  (and,  therefore,  the 
circuit  dimensions)  as  much  as  possible,  on  the  other  hand  it  is  necessary  to  have  a  sufficient 
amount  of  energy  for  ionisation  of  the  gas  atoms  up  to  their  K-shell.  It  means  to  elevate  the 
voltage  up  to  the  upper  limit  of  the  power  supply  and  the  condenser  bank,  and  to  scale  up  the 
insulators  accordingly. 

In  order  to  test  the  design,  the  Laplace-Poisson  equation  in  the  most  exposed  regions  was 
solved  (see  in  more  detail  [15,16]).  This  helped  us  to  determine  not  only  the  minimum  save 
dimensions  of  insulators  and  the  optimum  roundness  of  the  conductor  edges  but  also  the 
mutual  capacitance  of  individual  components. 


3.  MODELLING  AND  COMPARISON  WITH  THE  EXPERIMENT 


For  model  calculations  an  equivalent  circuit  (see  Fig.  2)  was  constructed,  in  which  both  the 
measured  and  the  calculated  values  were  substituted.  The  Marx  generator  is  represented  by  a 
serial  connection  of  capacitance  Cm,  inductance  Lm  and  resistance  Rm,  while  the  spacer  is  a  sim¬ 
ple  coaxial  line.  The  fast  capacitor  is  modelled  as  a  line  with  distributed  parameters  having  k  = 
10  identical  elements  (consisting  of  capacitance  Ci  and  inductance  Li).  The  parts  of  the  circuit 
that  correspond  to  the  spark  gap  and  to  the  capillary  differ  prior  to  and  after  the  spark  gap  break¬ 
down;  while  prior  to  the  breakdown  the  spark  gap  can  be  represented  by  its  pure  capacitance 
Cs  (~  300  pF),  after  breakdown  it  changes  into  a  parallel  combination  of  capacitance  Cs  and  a 
serial  connection  of 
the  inductance  Lg 
(~  60  nH)  and  the 
resistance  Rs  (in  the 
first  approximation 
we  take  it  constant). 

Finally  the  capillary 
is  represented  by  a 
serial  combination 
of  the  inductance  Lc 
(-100  nH),  and  the  Fig- 2  Equivalent  circuit  of  the  soft  X-ray  driver 

resistance  Rc  (also  the  later  is  taken  to  be  constant  in  our  approximation  {900  Q  prior  to  and 
0.01  D  after  the  breakdown})  to  which  both  the  capillary  capacity  Cc*  (~  15  pF)  and  the  para¬ 
sitic  capacity  Cp  (~  35  pF)  of  the  second  electrode  of  the  spark  gap  to  the  casing  (together  Cc 
~  50  pF)  are  connected  in  parallel.  The  transient  characteristic  of  this  circuit  is  solved  first,  till 
the  voltage  on  the  spark  gap  reaches  its  breakdown  value  (see  Fig.  3).  Then  the  solution  conti¬ 
nues  with  the  changed  circuit  (see  Fig.  5,  6).  The  erected  voltage  of  the  Marx  generator  was 
Uo  =  160  kV  in  all  cases.  It  turned  out  that  charging  of  the  fast  capacitor  takes  -800  ns  (Fig. 
3)  and  during  this  time  the  line  voltage  (measured  by  combined  capacitance  -resistance  divider) 
rises  up  to  -  130  kV.  Fig.  4  shows  the  capillary  current  (having  the  amplitude  -  100  A)  as 
measured  by  a  Rogowski  coil  as  long  as  the  pressure-distance  product  is  higher  than  its  break¬ 
down  value  in  the  main  spark-gap.  In  the  moment  of  the  main  spark  gap  breakdown  (t  =  0)  the 
capillary  voltage  rises  steeply  and  then  oscillates  with  a  reasonable  damping  (see  Fig.  5).  The 
current-rise  is  as  fast  as  1.3x10*^  A/s  and  the  current  amplitude  reaches  -20  kA  (Fig.  6). 


Voltage  in  the  middle  of  the  line  Capillary  current 


-1000  -800  -GOO  -400  -200  0  -120 

t[ns]  t[1(is/div] 


Fig.  3  Measured  voltage  in  the  middle  of  the  Fig.  4  Measured  capillary  pre-breakdown 
line  prior  to  breakdown  current 
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Voltage  at  the  middle  of  the  line 

after  breakdown 

U[kV] 


Fig.  5  Voltage  in  the  middle  of  the  line  after 
breakdown 

bold  line  -  measured  curve 
thin  line  -  result  of  simulation 


Capillary  current 

after  breakdown 

l[kA] 


Fig.  6  Capillary  current  after  breakdown 
bold  line  -  measured  curve 
thin  line  -  result  of  simulation 


4.  CONCLUSION 

First,  it  was  shown  that  results  of  combination  of  a  simple  electrostatic  field  mapping  (which 
on  one  hand  warns  against  local  voltage  overloading,  on  the  other  hand  it  enables  to  calculate 
mutual  capacities  of  individual  components)  and  a  classical  equivalent  circuit  analysis  gives  an 
excellent  agreement  with  measured  curves  and,  therefore,  its  use  at  the  design  of  future  devices 
is  strongly  recommended. 

Second,  our  test  shots  with  the  half  charging  voltage  (160  kV)  demonstrated  that  our  driver 
for  a  fast  capillary  discharge  has  very  similar  parameters  as  the  apparatus  at  the  Colorado  State 
University,  where  saturated  stimulated  emission  in  soft  X-ray  region  (in  Ne-like  Ar  line 
{X,  =  46.9  nm})  has  been  demonstrated  [14]. 

Acknowledgement:  The  work  has  been  performed  under  auspices  and  with  the  support  of  the 
Czech  Grant  Agency  under  Contract  202/98/083 1 . 
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INTRODUCTION 

The  experimental  investigations  of  neck  development  dynamics  in  the  Z-pinch  with 
0.1  g/cm^  density  were  carried  out  on  an  8-module  pulsed  power  generator,  the  S-300  (4 
MA,  100  ns)  [1].  The  objective  of  these  experiments  was  a  study  for  the  possibility  of 
obtaining  plasmas  with  extra-high  parameters  in  the  Z-pinch  neck  region,  corresponding  to 
the  fusion  ignition  conditions. 

In  the  articles  [2,3]  it  was  suggested  to  initiate  a  wave  of  thermonuclear  fusion  in  the  Z- 
pinch  neck  region  propagating  to  the  main  bulk  of  plasma  column.  In  this  case  one  can 
expect  the  theoretically  predicted  ignition  of  D-T  mixture  compressed  from  the  initial 
cylinder  of  1  cm  diameter  to  the  micron  cross-size  neck  by  passing  through  dense  hot 
plasma  in  these  experiments  it  a  10  MA  current.  In  the  first  experiments  which  pursued  this 
project's  objective  carried  out  on  the  Module  A5-01  generator  (1.5  MA,  100  ns)  was 
demonstrated  the  possibility  of  a  hot  plasma  formation  (  Te  =  0.8-1  keV,  Ne  =  10^^  cm'^ ,  r 
=  100  microns  )  as  a  result  of  profilled  hydrocarbon  fibres  of  0.01  g/cm^  density  and  1  mm 
diameter  compession  [4].  In  the  given  work  are  presented  the  experimental  results  obtained 
in  the  S-300  generator  on  the  compression  dynamics  investigation  of  carbon  Z-pinch  with 
initial  density  of  0.1  g/cm^  and  preliminary  formed  neck. 


EXPERIMENTS 

The  experimental  investigations  of  plasma  compression  in  the  Z-pinch  neck  region 
were  carried  out  at  currents  up  to  3  MA  with  a  rise  time  of  100  ns.  The  initial  plasma  was 
produced  by  an  electrical  breakdown  of  profiled  carbon  filled  agar-agar  fibres  with  density 
of  0.05-1  g/cm^.  The  best  matching  with  the  load  at  the  level  of  incident  energy  wave  of  70 
kJ  transmitted  to  the  vacuum  concentrator  unit  occurs  for  the  fibres  diameter  of  3-5  mm  and 
length  of  8-10  mm.  The  neck  mass  per  unit  length  being  chosen  between  0.1-5  mg/cm. 

Various  X-ray  diagnostics  were  used  for  plasma  parameters  measurements:  X-ray 
framing  cameras  with  5  ns  exposure  time.  X-ray  pinhole  cameras,  quick  response  detectors 
with  filters,  crystal  Roentgen  spectrographs.  Besides,  optical  streak  and  framing  cameras 
were  used. 

It  was  established  that  plasma  formation  essentially  depends  on  the  initial  density  and 
radius  of  the  neck.  At  the  initial  fibre  density  lower  than  0.05  g/cm^  the  plasma  corona  was 
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formed  with  the  diameter  exceeding  that  of  the  neck  [5].  Chaotically  arising  bright  spots 
were  observed  in  the  space  occupied  by  the  rare  plasma  (the  corona).  At  increasing  the 
initial  fibre  density  up  to  0.1  g/cm^  the  time  integrated  pinhole  camera  and  X-ray  frame 
camera  pictures  show  the  plasma  formation  in  preliminary  made  neck.  The  mean 
compression  velocity  as  determined  from  X-ray  frame  camera  pictures  proved  to  be  5-10 
cm/s  (Fig.l,a).  The  highest  compression  for  the  initial  neck  diameter  of  1  mm  corresponded 
to  the  moment  of  current  maximum.  From  time-integrated  pinhole  camera  pictures  follows 
that  as  a  result  of  compression  the  plasma  formation  occurs  with  the  least  diameter 
dimension  of  40-70  microns  as  observed  behind  10  thick  mylar  filter  (Fig.l,b). 
Approximately  the  same  dimension  values  of  the  hot  plasma  were  obtained  in  X-ray 
spectroscopic  measurements  of  the  penumbra  width  from  the  edge  of  the  horisontal  slit. 

The  compression  was  accompanied  by  the  soft  X-ray  radiation  pulses  (Fig.2).  The 
moment  of  the  hot  plasma  appearance  determined  by  soft  X-ray  radiation  burst  behind  the 
10  microns  thick  mylar  filter  corresponds  to  the  current's  maximum.  It  should  be  noted  that 
the  VUV-diode  with  10  microns  mylar  filter  is  most  sensitive  to  2  keV  X-ray  radiation.  The 
hot  plasma  life-time  measured  by  the  half  intensity  of  soft  X-ray  decay  is  less  than  5  ns, 
while  the  radiation  power  for  2  keV  quanta  exceeds  5T0^  W  and  the  total  irradiated  energy 
is  to  be  20-50  J. 

In  some  experiments  in  which  a  diagnostic  admixture  of  KCl  was  used,  the  luminous 
region  length  of  helium-like  chlorine  radiation  measured  by  a  spectrograph  proved  to  be 
100-150  microns  with  its  diameter  of  200  microns.  At  the  same  time  measured  diameter  for 
helium-like  potassium  is  in  one  and  a  half  times  smaller.  The  electron  density  and 
temperature,  calculated  from  the  spectral  lines  intensity  ratio  of  hydrogen-like  and  helium¬ 
like  ions,  proved  to  be:  Ne  =  (0.3-1. 0)- 10^^  cm'^  ,  Te  =  (0.8-1. 5)  keV.  The  Fig.3  shows  a 
typical  spectrum  of  potassium  admixture  ions  [6].  The  line  broadening  measurement 
analysis  shows  that  there  maybe  exists  significant  difference  between  the  ion  and  electron 
temperatures. 

The  plasma  parameters  at  the  initial  density  of  0.1  g/cm^  were  essentially  depended  on 
the  neck  profile.  The  highest  parameters  were  obtained  when  the  load  neck  was  like  two 
truncated  cones  with  their  tops  directed  opposite  to  each  other  and  the  cone  angle  not 
exceeded  90°.  By  increasing  the  initial  load  density  up  to  1  g/cm^  the  plasma  parameters 
decreased  and  became  lower  than  for  the  density  of  0.1  g/cm^. 


CONCLUSION 

The  experiments  carried  out  on  the  S-300  generator  show  that  at  Z-pinch  current 
increase  from  1  to  3  MA  the  effect  of  deep  neck  development  is  remained.  The  hot  dense 
plasma  with  typical  cross-size  dimension  in  40  -  70  microns  was  formed  in  the  region  of  a 
preliminary  made  neck  as  a  result  of  electrical  breakdown  of  carbon  filled  agar-agar  fibres. 

The  highest  plasma  parameters  Ne  =  10  cm^^ ,  Te  =  1-1.5  keV,  were  obtained  by  using 
fibres  of  0.1  g/cm^  density.  The  hot  plasma  life-time  proved  to  be  smaller  than  5  ns.  The 
power  and  full  energy  of  soft  X-ray  radiation  in  the  range  of  quanta  energy  h  =  2  keV 
proved  to  be  5-10^  W  and  20-50  J,  correspondingly.  If  we  take  for  granted  that  almost  all  the 
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Z-pinch  current  flows  through  the  neck  region,  then  it  conies  out  that  for  the  smallest 
measured  neck  diameter  values  of  40-70  microns  which  at  the  same  time  correspond  to  the 
space  resolution  of  used  used  diagnostics,  the  magnetic  pressure  H^/Sn  around  the  neck 
would  be  much  higher  than  the  kinetic  pressure  (nTe  +  nTi).  Therefore  it  may  be  thought 
that  the  plasma  compression  might  still  be  going  on  to  the  smaller  values  of  neck  diameters. 
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FIGURES 


Fig  1.  a. Optical  (1, 2)  and  soft  X-ray  (3, 4,  5)  frames  for  carbom  filled  agar-agar  fibres  of 
0.1  g/cm^  density  with  a  neck  region  of  less  than  1  mm  diameter.  Numbers  beneath  - 
moment  of  frame,  b.  Pinhole-camera  picture  of  carbon  filled  agar-agar  fiber  of  0.1  g/cm^ 
density  and  with  the  initial  neck  diameter  less  than  1mm. 
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Fig  2.  Voltage  (1),  current  (2)  oscillographic  traces  and  soft  X-ray  radiation  signals  obtained 
with  5  microns  mylar  filter  (3),  10  microns  mylar  filter  (4)  and  no  filter  at  all  (5). 

(The  Z-pinch  load  -  a  carbon  filled  agar-agar  fibrs  of  0. 1  g/cm^  density  and  with  neck 
diameter  <  1  mm). 
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Fig  3.  Typical  spectrum  of  potassium  admixture  ions. 


MONOCHROMATIC  VUV-RADIATION  OF  Z-PINCH  CARBON  ROD 
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A  spectral  VUV  and  visible  and  a  laser  schlieren  diagnostics  were  used  for  the 
discharge  load  from  graphite  for  pencil  of  1  cm  length  and  2  mm  of  diameter  between  two 
cooper  conical  electrodes.  The  electric  discharge  was  initiated  by  a  small  capacitor  bank  of  20 
kV  voltage  and  a  1  pJF  capacitos.  The  current  reached  its  maximum  at  40  kA  during  360  ns 
after  the  increase  of  the  current.  The  authors  reported  diagnostic  results  and  the  correlation  of 
VUV  emission  with  the  explosion  of  the  plasma  corona. 

For  the  detection  of  radiation,  PIN  diodes,  sensitive  to  XUV-ray  wavelength  with  1  ns 
temporal  resolution,  were  used  in  the  axial  direction  along  the  length  of  the  rod  and  in  the 
radial  direction  perpendicular  toward  the  axis  of  the  rod.  The  detection  of  an  axial  radiation 
was  enabled  due  to  a  5  mm  diameter  hole  in  the  center  of  the  electrode  near  the  detector.  The 
PIN  diode  was  also  used  in  conjunction  with  a  grazing  incidence  Si  mirror,  which  essentially 
acts  as  a  filter  with  selectable  wavelength  range  by  adjusting  the  angle  at  which  the  PIN  diode 
observes  the  reflected  XUV  radiation.  For  the  visual  schlieren  and  the  differential 
interferometer  diagnostics  two  3-ns  beams,  optically  separated  from  one  laser  pulse,  were 
used  with  a  time  delay  of  12  and  55  ns  or  for  perpendicular  image  in  two  radial  directions. 
The  plasma  corona  was  observed  side-on  with  a  VUV  flat-field  spectrograph  [1,2]  based  on 
a  Hitachi  flat-field  grating.  The  line  of  sight  was  parallel  to  the  rod  axis.  The  spectral  region 
observed  was  10-25  nm  and  a  spectral  resolution  of  about  0.02  nm  was  achieved.  The 
spectrum  was  converted  into  visible  light  with  the  help  of  a  gated  micro-channel  plate  (MCP) 
whose  output  surface  was  re-imaged  onto  a  CCD  camera  chip  [3].  The  recorded  spectrum  was 
transferred  into  a  computer  for  storage  and  further  processing.  With  this  arrangement  it  was 
possible  to  take  time  resolved  spectra  with  a  temporal  resolution  of  50  ns  as  given  by  the  gate 
time  of  the  MCP.  The  detection  area  was  about  2  mm  wide  and  10  mm  high,  thus  the  spectra 
were  integrated  over  the  whole  length  of  the  rod.  The  spectra  were  observed  sideways  to  the 
rod,  at  a  distance  of  about  1  mm  from  the  rod  surface.  The  visible  spectral  region  of 400  -  600 
nm  was  observed  by  a  ISP-5 1  spectrograph . 

The  emission  and  explosion  of  the  corona  of  the  carbon  fiber  of  20  pm  diameter  with 
the  inner  layer  in  solid  phase,  were  reported  from  a  previous  device  with  a  non-regular, 
random  and  weak  radiation  intensity  [4].  The  shorter  increase  of  the  current  from  1  to  0.36  ps 
and  the  greater  diameter  of  the  rod  caused  the  ten-times  energy  enhancement  of  XUV 
radiation  to  0.1  J  (power  500  kW),  the  increase  of  the  probability  of  this  emission  from 
random  to  stable  regime  (from  30%  to  100%)  of  the  discharges,  and  it  enabled  the  usage  of 
the  VUV  spectrograph. 

The  emission  started  55  -  80  ns  after  the  increase  of  the  current,  reached  its  maximum 
at  380  ns  (at  current  maximum)  and  finished  at  600  -  1000  ns  with  FWHM  of  90  -  450  ns 
and  with  mean  value  of  230  ns.  The  radial  radiation  had  similar  behavior  as  in  the  axial 
direction.  When  an  oscilloscope  signal  had  its  local  maximum,  then  its  position  in  radial  and 
axial  direction  was  the  same,  but  the  ratio  of  their  intensities  could  not  be  the  same.  The 
emission  had  good  radial  symmetry.  The  intensity  of  the  visible  wavelength  was  lower  than 
10%  of  the  total  intensity.  The  0.8  pm  thick  A1  foil  applied  in  front  of  the  PIN  reduced  the 
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emission  intensity  to  10-20  %,  The  1.5  tim  mylar  foil  reduces  radiation  maximaly  to  2  %. 
The  dependence  of  the  intensity  of  the  reflected  emission  on  the  angle  of  incidence  at  a  silicon 
plate  is  illustrated  in  Fig.  1 . 
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Fig.l.  The  dependence  of  the  intensity  of  the  reflected  emission  on  the  angle  of 
incidence 

The  diagnostics  by  VUV  spectrograph  proved  the  line  character  of  the  dominate 
emission  in  the  region  15-20  nm.  The  intensities  of  these  lines  were  dependent  on  the 
discharge  current  but  the  line  ratios  were  temporally  independent  during  a  few  hundreds  ns 
emission. 

The  plasma  corona  and  its  temporal  evolution  generated  around  the  solid  graphite  rod 
showed  some  interesting  features.  The  width  of  the  corona  evaluated  from  the  visual 
diagnostics  were  dependent  on  the  sensitivity  of  the  schlieren  method.  For  a  deflection  angle 
a  >3  mrad,  the  corona  width  of  200  pm  was  regularly  spread  around  the  rod  with  electron 
densities  higher  than  2x10^^  m‘^.  For  a  deflection  angle  a  >1.5  mrad  (  with  electron 
densities  higher  than  10^^  m'^)  the  width  increased  to  500  pm  and  in  the  schlieren  pictures 
the  radial  explosions  from  the  corona  were  observable  to  1  mm  distance  from  the  rod  For  a 
lower  deflection  angle  a  >  0.75  mrad  (with  electron  densities  higher  than  5x10^'*  m'^  )  the 
local  explosions  extended  to  2-3  mm  distance  from  the  rod.  It  implied  the  local  explosion  of 
the  plasma  from  the  corona.  The  velocities  of  the  radial  plasma  explosions,  higher  than  10^ 
m/s,  were  evaluated  . 

At  visualization  of  the  corona,  by  Wollaston  interferometry,  a  helical  form  of  these 
plasma  explosions  was  observed.  Along  the  length  of  the  rod  the  3-6  winds  are  imagined 
with  an  axial  width  of  ~  0.5  -  1  mm  and  a  pitch  of  ~  1  -  2  mm  (Fig. 2).  The  axial  velocity  of 
the  variation  of  positions  of  the  winds  was  evaluated  till  2-4x10“*  m/s.  In  some  pictures  the 
connection  of  neighbor  winds  and  the  formation  of  a  toroidal  ring  around  the  rod  can  be  seen. 
The  velocity  of  connection  was  evaluated  as  ~  10^  m/s  .  Time  of  connection  correlates  with 
local  maximum  of  VUV  emission.  The  orientation  of  helical  form  is  random,  sometimes  right 
and  sometimes  left.  This  conclusion  was  induced  by  the  comparison  of  two  pictures  of 
diagnostic  beams  from  two  perpendicular  radial  directions.  The  dependence  of  the  electron 
density  on  the  radius  of  the  exploded  plasma  is  depicted  in  Fig.  3.  During  the  discharge  the 
main  part  of  the  rod  remained  in  solid  phase.  The  number  of  evaporated  particles  (3x10**) 
was  evaluated  by  measuring  the  volume  of  the  graphite  rod  after  discharge.  For  one 
evacuation  of  the  chamber  it  is  possible  to  realize  a  few  hundred  of  discharges  with  one  rod 
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and  at  this  form  of  the  load  enables  high  frequency  of  experiments.  The  number  of  particles 
present  in  plasma  corona  reached  value  of  ~10^^.  The  number  of  photons  with  an  energy 
value  of  50  -  100  eV  (  2  -  4x1  o‘^)  was  evaluated  from  the  absolute  measurement  of  the 
intensity  of  the  emitted  radiation. 


Fig.2:  ShotNo.206:  a)  Helical  form  and  b)  oscillogram.  Trace  1:  derivative  of  current. 
Trace  2:  position  of  fig.  Trace  3:  axial  PIN  signal.  Trace  4:  radial  PIN  signal 
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Fig.3;  Dependence  of  the  deflected  angle  and  the  electron  density  on  the  radius  of  the 

explosion. 

From  these  experimental  results  it  is  possible  to  induce  some  considerations  and 
conclusions. 

The  interval  of  emitted  wavelength  was  determined  from  the  combination  of  results  of 
the  A1  and  mylar  filters  and  from  the  measured  dependence  of  the  intensity  of  the  reflected 
emission  on  the  angle  of  incidence.  The  A1  foil  absorbed  less  than  90%  of  the  0-2.7  nm  and 
17  -  60  nm  wavelength,  whereas  the  mylard  foil  did  the  same  for  the  0  -  2.4  nm  and  5-11 
nm  wavelength.  For  the  observed  absorption  it  is  possible  to  suppose  that  the  dominant 
emission  in  A1  L  window  is  between  17-60  nm.  From  the  results  of  the  incidence  reflection 
spectroscope  it  is  possible  to  exclude  the  wavelengths  above  30  nm  [6].  The  emitted  lines 


belong  to  OV  and  OVI  ions.  The  lines  of  CV  and  CVI  ions  were  not  confirmed.  The  visual 
lines  are  produced  by  CII  and  Oil  ions. 

The  typical  helical  form  is  imagined  in  Fig.  2.  The  helical  form  demonstrates  an 
example  of  self-organization  in  magnetized  plasma  with  the  high  energy  density.  Its  nature 
and  character  can  be  deduced  from  the  measured  parameters  of  the  plasma.  It  is  possible  to 
calculate  the  kinetic  plasma  pressure  from  the  velocity  of  transition  (2-4x10“^  m/s)  and  from 
the  carbon  ion  density  (5x10^“^  m’^); 

— =  10* -10®  Per. 

2  2 

This  pressure  must  be  directed  by  a  magnetic  confinement  pressure  generated  by  a 
current  of  20  -  40  kA.  The  relations  for  the  magnetic  pressure  and  the  magnetic  field 

2//  2k  r 

enable  estimation  of  the  necessary  magnetic  field  of  20  -  40  T  produced  by  a  current  channel 
with  a  radius  r  ~  0.2  -  0.3  mm.  This  radius  is  less  than  1  mm  of  the  radius  of  the  rod.  A 
current  conduction  through  a  helical  tube  is  then  more  probable  than  a  conduction  along  the 
cylindrical  channel  around  the  rod.  The  dense  part  of  the  helical  form  can  be  a  helical  current 
tube  wound  on  the  rod.  The  kinetic  pressure  of  the  plasma  explosions  has  the  same  value  as 
the  kinetic  pressure  of  the  transmission  of  a  helical  form,  10*  -  10^  Pa.  The  idea  of  magnetic 
confinement  of  plasma  is  supported  by  the  stability  of  the  corona.  A  dynamic  of  the 
connection  of  neighbor  winds  may  be  in  conformity  with  the  interaction  and  extinction  of  the 
opposite  magnetic  fluxes  around  the  helical  tube.  The  accelerated  dynamics  of  the  extended 
opposite  magnetic  fluxes  may  be  probably  the  reason  for  the  formation  imagined  as  a  small 
ring  near  the  corona  in  Fig.2.  This  formation  is  located  around  the  azimuthal  periphery, 
winding  around  the  rod  circumference  0.5  -  1.5  times.  It  causes  a  pinch  of  the  plasma 
corona,  and  an  intensive  plasma  explosion  in  the  area  located  in  the  opposite  diameter  of  the 
rod. 

A  very  important  parameter  for  corona  plasma  is  its  temperature.  The  temperature 
related  to  the  velocity  is  higher  than  2-5x10'*  m/s,  and  for  a  plasma  pressure  higher  thanlO*  - 
10^  Pa  could  be  higher  than  30  eV  .  This  value,  unrealistically  higher  than  the  emitted 
intensity  evaluated  for  recombination  processes  [7],  would  be  higher  than  the  measured  value 
10^  W.  A  real  corona  temperature  of  2  -  3  eV  was  calculated  from  observed  CII  and  Oil  lines. 
For  an  electron  density  of  10^^  m'^  and  for  a  temperature  of  3  eV,  from  the  Saha  equation,  the 
CII  and  Oil  ions  can  dominate.  The  dynamics  of  the  corona  plasma  and  the  emitted  radiation 
are  governed  by  a  strong  non-thermal  behavior. 

When  the  line  emission  is  induced  by  electron  beams,  accelerated  during  the 
transformation  of  the  helical  configurations,  the  energy  of  the  electron  beams  is  sufficient  for 
OV  and  OVI  generation  but  it  is  insufficient  for  CV  and  CVI  ions. 
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INTRODUCTION 

From  early  times  of  compact  pulse  x-ray  generators  (PXG)  with  «cold  cathode»  flash  x- 
ray  tubes  (CCXT)  applications  were  made  a  lot  of  efforts  to  build  a  suitable  equipment  for 
needs  of  medical  x-ray  visualization.  Moreover,  in  1976  L.S.  Birks  [1]  found  that  powerfiil 
pulse  x-ray  illumination  of  phosphor  screens  produce  much  more  intense  light  yield  and 
increase  the  quantum  efficiency  of  the  conversion  of  x-ray  radiation  to  visible  light.  This 
phenomenon  implemented  in  medical  x-ray  imaging  could  drastically  reduce  the  patient  dose 
loading,  because  only  screen-film  combinations  are  used  for  imaging  in  medicine  at  present. 

Up  to  now,  we  find  no  reports  of  flash  equipment  systematic  utilization  in  medical  x-ray 
imaging  and  no  descriptions  of  commercially  available  x-ray  flash  equipment  for  medical 
imaging.  We  suppose  that  is  due  to  some  major  problems  of  PXG,  which  are  imsolved  at 
present  to  adapt  it  for  medical  needs.  At  first  it  is  large  focal  spot  size  of  existing  CCXT,  and 
at  second  it  is  the  problem  of  x-ray  energy  control.  PXG  with  less  than  1  mm  focal  spot  size 
during  more  than  500  000  shots  and  controlled  x-ray  energy  could  satisfy  to  medical  imaging 
requirements. 

In  this  paper  we  shall  describe  the  operational  mode  of  CCXT,  which  agrees  with 
determined  requirements  of  the  medical  imaging. 


EXPERIMENTAL  RESULTS 

It  is  known  that  CCXT  application  requires  a  number  of  complicated  technical  problems 
to  be  solved  mostly  related  with  specific  conditions  of  CCXT  ignition.  As  a  rule,  it  is 
necessary  to  apply  a  very  sharp  voltage  pulse  to  form  a  plasma  emitter  due  to  quick  electrode 
surface  overheating  fi'om  intense  field  emission.  Anode-Cathode  geometry  of  CCXT  with 
small  focal  spot  usually  shows  a  kind  of  axial  symmetry  so  the  plasma  emitter  region  and, 
correspondingly,  the  focal  spot  region  is  approximately  circularly  shaped. 

Further,  fast  voltage  raisetime  is  usually  provided  by  a  spark  gap  with  fixed  value  of 
breakdown  voltage.  This  voltage  and  its  instability  determine  the  dose  of  x-ray  radiation  and 
maximum  of  x-ray  energy. 

Below  we  shall  describe  an  operational  mode  with  different  approach  to  CCXT  ignition 
and  emitting  behaviors. 

1.  Voltage  raisetime 

In  [2]  we  described  a  pulse  voltage  generator,  which  produces  high  voltage  pulse  with 
raise-  and  fall-time  about  of  50  ns  and  amplitude  about  of  200  kV  on  open  circuit.  During 
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investigations  of  100  kV  CCXT  IMA6D  produced  by  Svetlana-Rentgen,  Russia,  we  found 
that  the  voltage  raise-time  accompanied  with  special  generator  loading  characteristics 
provides  no  circular,  but  «point»  focal  spot  in  the  place  of  smallest  electrodes  distance.  We 
carry  out  a  set  of  experiments,  where  CCXT  x-ray  emission  was  registered  by  a  set  of 
collimated  p-i-n  detectors  SPPD3  (7  ns  time  resolution  at  600  V  bias  voltage).  Each  collimator 
cuts  an  angle  from  CCXT  emission  area  without  overlapping  and  totally  they  cover  the  whole 
emission  area.  We  clearly  notice  a  «walking»  of  focal  spot  point  around  the  focal  spot  size 
determined  by  the  producer  (about  of  02  mm).  Moreover,  we  registered  no  occasions  of  two- 
or  more  point  emissions.  With  the  help  of  special  CCD-based  x-ray  area  sensor  we  estimate 
the  upper  limit  of  point-like  focal  spot  size  while  obtaining  digital  pictures  of  spatial 
resolution  grid.  The  upper  limit  of  registered  focal  spot  size  is  about  of  200  ^irn. 

However,  this  micro-focus  operational  mode  requires  very  careful  selection  of  CCXT 
current  limiting  technique.  When  a  long  voltage  pulse  is  applied  to  CCXT  there  is  a  possibility 
of  AC  gap  shortening  by  electrode  plasma  and  thus  a  vacuum  arc  forming.  If  this  occurs 
sequentially,  intense  erosion  of  tube  electrodes  will  raise  the  tube  ignition  voltage  and  even 
totally  destroy  the  tube.  In  Fig.  la  you  can  see  IMA6D  current  in  case  of  vacuum  arc.  To 
provide  a  safe  tube  operation  we  insert  a  time-limiting  capacitor  serially  with  the  tube  from 
the  ground  side.  The  IMA6D  electron  current  with  time-limiting  capacitor  is  shown  in  Fig.  lb. 


2.  X-ray  energy 

CCXT  micro-focus  operational  mode  provides  one  more  useful  feature  -  x-ray  energy 
could  be  controlled  by  means  of  easy  changeable  parameters. 

Voltage  pulse  generator  that  was  mentioned  in  Chapter  1  is  an  inductive  storage  device 
with  solid-state  opening  switch.  Initially  the  generator  is  loaded  only  on  the  tube  capacitance. 
In  such  case  it  produces  a  voltage  pulse  with  magnitude,  which  could  be  calculated  by  simply 
equation  from  primary  capacitor  voltage: 

UoUT  =  U PRIM  *  K 

where  K  =  6. 

This  means,  that  with  25-30  kV  voltage  at  generator  primary  storage  could  produce 
voltage  pulse  which  will  be  capable  to  «tum  on»  100  kV  IMA6D  tube.  Further,  tube 
impedance  is  determined  only  by  the  behavior  of  explosive  plasma  in  the  anode-cathode  gap 
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[3].  This  means  that  after  tube  ignition  the  generator  output  voltage  will  fall  down  to  the  value 
that  is  determined  by  output  load  characteristic  of  the  generator.  Thus,  adjusting  solid-state 
switch  pumping  current  by  means  of  changing  primary  voltage  we  could  adjust  maximum  x- 
ray  quantum  energy. 

To  prove  the  possibility  of  x-ray  energy  adjusting  we  successfully  carried  out  a  set  of 
experiments,  where  CCXT  emission  was  registered  by  a  set  of  p-i-n  detectors  with  filters  of 
various  thickness.  X-ray  energy  was  estimated  using  precalculated  values  of  detector 
responses  for  various  electron  energies.  After  that  we  optimize  generator  parameters  to 
provide  55-75  keV  electron  beam  maximum  energy  adjusting  with  IMA6D  CCXT  to  work  in 
Digital  Dental  Diagnostic  System  DIRA. 

X-ray  yield  measurements  were  carried  out  by  three  different  diagnostics:  TLD 
detectors,  ionization  chamber  and  soft  energy  p-i-n  detectors  SPPD3.  The  results  shown 
excellent  performance  of  the  design:  x-ray  yield  at  6  cm  from  the  tube  was  found  of  10  mR 
per  single  shot  with  instability  less  than  10  %  under  high  voltage  amplitude  of  65  kV. 

Conclusions 

The  micro-focus  operational  mode  of  «cold  cathode»  flash  x-ray  tubes  is  realized  in 
order  to  provide  some  new  advantages  of  CCXT  utilization.  They  are  -  focal  spot  size 
reduction  down  to  hundreds  of  micrometers  and  x-ray  energy  control  by  simple  means. 
Compact  pulse  x-ray  generators  with  micro-focus  operational  mode  of  CCXT  completely 
satisfy  to  up-to-date  digital  visualization  system,  providing  required  resolution  with  lower 
yield  of  x-rays  due  to  source-sample  distance  decreasing,  high  x-ray  yield  stability  and  x-ray 
energy  controlling.  This  new  properties  and  traditional  benefits  of  flash  generators  such  as 
small  size  and  weight,  high  reliability  and  operational  period,  make  this-mode-based  flash  x- 
ray  generators  very  attractive  for  medical  imaging  applications. 
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INTRODUCTION 

The  design  and  the  working  principles  of  the  MAGO  chamber  (acronym  for  words 
"MAGnitnoe  Obzhatie"  in  Russian,  the  same  as  "magnetic  compression"  in  English)  were 
firstly  published  in  1992  [1].  The  chamber  is  a  plasma  gas-discharge  device  generating  the 
thermonuclear  neutrons. 

The  chamber  is  considered  as  a  prospective  object  for  the  CTF  concept  realization: 
compression  of  a  preliminary  heated  magnetized  plasma  (MAGO/MTF)  [2].  MAGO/MTF  is 
based  on  two  main  tenets.  The  first  one  is  the  use  of  a  preliminary  heating  (up  to  the 
temperature  of  hundreds  electron-volts)  of  DT-gas  (plasma),  the  ensuring  of  a  required  heat 
insulation  of  the  fuel  and  the  confinement  of  the  nuclear  reactions  charged  products  within  the 
chamber  volume.  The  second  one  is  the  use  of  a  subsequent  compression  by  a  moving  wall  of 
a  volume  with  a  preliminary  heated  gas.  Namely  this  preliminary  heating  allows  to  simplify 
the  demands  for  the  gas  volume  compression  degree.  In  comparison  with  the  inertial  fusion 
the  demands  are  1 00  times  lower.  In  the  experiments  the  MAGO  chamber  was  used,  for  the 
present,  only  as  a  device  intended  for  plasma  preliminary  heating.  The  explosive  magnetic 
generators  with  a  stored  energy  of  1-10  MJ  are  used  in  the  experiments  as  the  sources  of 
electromagnetic  energy.  The  explosive  magnetic  generators  (EMG)  are  the  superpower 
sources  of  electric  energy.  The  use  of  the  explosives'  energy  allows  to  realize  the  parameters 
typical  of  the  large  expensive  stationary  capacitor  facilities  in  the  energy-production  facilities 
having  a  relatively  small  size. 

At  present  the  explosive  magnetic  generators  give  a  chance  to  carry  out  the  research  with 
the  energy  up  to  several  hundred  megajoules  in  the  load. 

OBJECT  OF  THE  RESEARCH 

The  scheme  of  the  chamber  is 
presented  in  Fig.l: 

it  is  a  hollow  copper  thick-wall  cylinder 
200  mm  in  inner  diameter  and  165  mm  in 
length  with  a  central  electrode  60  mm  in 
thickness  separating  the  internal  chamber 
space  into  two  compartments  (25  and  80  mm 
in  height)  connecting  to  each  other  with  a 
narrow  annular  nozzle  whose  minimum 
width  was  12  mm. 

The  vessel  of  the  chamber  with  the  central 
electrode  constitutes  a  coaxial,  short- 
circuited  turn.  The  internal  space  of  the 
chamber  is  filled  with  DT  or  DD-gas.  At  the 


634- 


separated  from  the  vessel  with  ceramic  insulator  20  mm  in  outer  radius.  Initial  gas  pressure  in 
the  chamber  is  1 0-20  mm  Hg.  In  the  chamber  initial  magnetic  field  was  preliminary  created 
through  gradual  increase  of  electric  current  in  the  short-circuited  turn  up  to  1. 5-2.2  million 
amperes.  Then  the  current  abruptly,  during  1-3  microseconds,  increased  up  to  10  MA. 

During  the  abrupt  current  growth,  according  to  the  theoretic  model,  in  the  first  chamber 
compartment,  where  the  insulator  is  located,  volume  gas  discharge  occurs.  Under  the  action  of 
ponderomotive  forces  gas  begins  to  flow  out  of  the  first  chamber  compartment  to  the  second 
through  the  narrow  nozzle.  At  the  nozzle  outlet  the  gas  flow  becomes  supersonic.  Plasma 
deceleration  and  heating  occur  in  the  second  compartment  of  the  chamber.  In  the  hot  plasma 
the  thermonuclear  reactions  take  place  and  stop  in  some  time  in  consequence  of  hot  plasma 
mixing  with  cold  plasma. 


In  the  first  experiment,  carried  out  in  1982, 2*10^  DD  neutrons  were  obtained. 

The  following  parameters  were  varied  in  the  process  of  the  research: 

-  dimensions  of  the  first  and  the  second  chamber  compartments; 

-  nozzle  width;  preliminary  current  magnitude; 

-  gas  density; 

-  material  of  the  chamber  walls; 

-  current  polarity. 

13 

The  process  resulted  in  the  obtaining  of  5*  10  neutrons  on  DT  in  a  pulse  of  2  ps  duration 
and  with  a  200  mm  diameter  chamber,  and  2*10'*  neutrons  with  a  120  mm  diameter  chamber. 


Fig2.  1  MJ  facility. 


Basic  sources  of  information  about 
the  process  parameters: 

-  Current  probes; 

-  Voltage  probe; 

-  Neutron  measurements; 

-  Light  probes; 

-  X-rays  diodes  with  filters. 

Due  to  collaboration  with  Los 
Alamos  National  Laboratory  (LANL, 
USA)  we  got  the  information  about  the  X 
radiation  spectrum  with  time  scanning 
taken  from  crystal  spectrometer  and  the 
data  about  the  electron  density  evolution 


of  plasma. 

Fig.2  and  3  give  a  general  view  of  the  experiment  with  EMG  and  MAGO  chamber. 

In  more  detail: 


Chamber 

+EMG 


Neutron  imaging  box 


Fig.  3.  Fire  point  equipnlent. 
derivatives  from  the  probes  is  up  to  20  in  one  experiment. 


The  current  probes  are  located  in  the 
comers  inside  the  chamber  in  special 
annular  grooves.  The  location  of  the 
probes  and  the  installation  method  are  not 
casual:  the  probes  introduction  into 
plasma  in  these  very  points  does  not  lead 
to  worsening  of  plasma  parameters.  All 
the  attempts  to  install  the  probes  in  plasma 
thickness  lead  to  a  sharp  decrease  of 
neutron  yield  in  the  chamber.  The  total 
number  of  oscillograms  of  current 
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The  voltage  measurements  are  made  by  a  capacitive  sensor  only  at  the  chamber  inlet. 

Neutron  measurements  are  presented  by  an  activation  technique  of  the  neutron  yield  and 
the  average  neutron  energy  measurements  using  a  couple  of  indicators  Cu/Mo  and  by  a  time 
of  flight  technique.  An  important  results  of  neutron  measurements  is  an  establishment  of  the 
fact  of  a  real  isotropy  of  the  energy  of  neutrons  emitted  in  various  directions.  Average  energy 
of  neutrons  emitted  in  various  directions  is  practically  constant  and  close  to  14.1  MeV.  The 
time  integral  image  of  the  neutron  source  in  neutrons  was  obtained  by  using  pin-hole  camera 
and  bubble  chamber.  The  photo  of  the  source  with  the  image  of  the  chamber  superimposed  on 

the  photo  are  shown  in  Fig.4. 

The  source  of  neutron  is  composed  of  two  parts: 
10%  -  a  nozzle  area,  90%  -  a  central  volume  of  the 
chamber's  second  compartment. 

Light  sensors  are  mainly  used  to  estimate  the 
symmetry  of  the  discharge  initiation  inside  the  chamber. 

The  data  about  the  X-radiation  spectra  were 
obtained  mainly  due  to  x-ray  diodes  with  thin-film 
filters.  This  technique  was  used  to  estimate  the  lifetime 
and  the  electron  temperature  of  the  main  plasma  mass. 

In  a  hard  part  of  the  spectrum  >0.5  keV  the  radiation  is 
of  pulse  character,  that  strongly  correlates  with  neutron 
radiation.  In  a  soft  part  -100  eV  the  radiation  duration 
exceeds  tens  of  microseconds. 

Owing  to  collaboration  with  LANL  (USA)  the  measurements  of  the  x-ray  spectra  with 
high  energy  and  time  resolution  were  carried  out.  The  measurements  were  performed  by  using 
crystal  spectrometer  with  the  registration  done  by  the  image  converter.  The  principal  objective 
of  the  experiment  was  to  establish  the  presence  or  absence  of  considerable  amount  of 
admixtures  in  the  plasma.  The  results  of  measurements  showed  a  inessential  radiation  in  the 
lines.  Besides,  owing  to  participation  of  the  American  specialists  the  data  on  plasma  electron 
density  were  obtained  (by  using  the  lazer  interferometry). 

At  present,  the  experimental  data  testify  to  the  absence  of  obvious  obstacles  on  the  way 
of  realization  of  a  subsequent  additional  compression  of  plasma  in  the  chamber  of  such  a 
design. 


Fig.4  Neutron  image. 


SPECIFIC  CHARACTER  AND  PROBLEMS  OF  DIAGNOSTICS. 

1 .  The  main  distinctive  feature  of  the  experiments  is  the  explosion  character  of  the 
electromagnetic  energy  source  operation.  This  not  only  gives  the  advantages  but  determines 
the  main  limit  which  is  the  use  of  only  distance-type  methods.  The  existing  protection  means 
allow  to  save  the  devices  at  the  distance  of  1  m  from  the  chamber.  Nevertheless,  we  should 
not  neglect  the  risk  to  lose  the  expensive  equipment.  The  advantage  of  EMG  is  in  the  absence 
of  energy  limitation  and  in  the  exceptional  "purity"  of  the  current  signals  form.  It  helps  to 
easily  and  exactly  interpret  any  peculiarities  in  the  current  sensors  oscillograms  (unlike  the 
records  of  oscillating  processes  in  the  capacitor  banks  with  transmission  lines). 

2.  Hot  plasma  occupies  almost  the  total  volume  of  the  second  compartment  that  causes 
the  difficulties  in  observation  of  the  process  in  the  chamber  upon  the  whole.  The  diagnostic 
holes  give  a  possibility  to  observe  only  small  volumes  of  the  chamber.  The  situations  reminds 
a  well-known  parable  which  tells  about  the  attempts  to  describe  the  elephant  using  the 
descriptions  of  its  separate  parts:  the  legs,  the  trunk,  the  tail,  etc... 

3.  Probes  introduction  inside  the  plasma  volume  destroys  the  plasma.  All  the  attempts  to 
introduce  the  current  sensors  inside  plasma  led  to  a  sharp  decrease  of  neutron  yield. 
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THE  MAGO  PLASMA  DIAGNOSTICS  DEVELOPMENT  PLANS. 


A  series  of  experiments  aimed  at  verification  of  scenario  MAGO  process  in  the  chamber  is 
expected  to  be  carried  out.  Today  a  notion  about  the  starting  conditions  and  about  the 
introduction  of  new  processes  is  of  hypothetical  character.  The  measurements  are  planned  to 
be  conducted  with  a  great  number  of  current  sensors  located  on  the  chamber  surface. 

The  second  trend  is  the  introduction  of  the  technique  of  the  sequence  (frame  by  frame) 
recording  of  plasma  image  in  the  X-rays.  We  suppose  to  have  several  frames  of  hot  plasma 
image  in  several  parts  of  the  spectrum,  i.e.  an  attempt  will  be  made  to  record  the  whole 
process  but  not  its  fragments. 

Of  course,  any  other  ideas  concerning  the  diagnostics  that  may  advance  us  in 
understanding  of  the  processes  going  on  in  MAGO  chamber  will  be  welcome. 
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Abstract  We  investigate  the  dynamics  of  Z-pinch  Ar  plasma  using  a  one-dimensional 
magneto-hydrodynamics  (MHD)  code,  in  a  regime  for  which  a  large  soft-x-ray  amplification  has 
been  observed  and  reported  [1].  While  some  of  the  model’s  numerical  results  are  in  good 
agreement  with  the  experimental  data,  other  features  are  not.  Achieving  better  agreement  with  the 
experimental  data  requires  some  major  adjustments  in  the  plasma  parameters  relative  to  their 
classical  values  (as  has  been  reported  in  previous  works). 

We  attribute  some  of  the  discrepancies  to  the  high  percentage  of  neutral  atoms  in  the  plasma. 
Therefore  we  suggest  to  extend  the  standard  MHD  model,  by  intfoducing  a  neutral-species  fluid, 
in  addition  to  the  charged-species  fluid  (ions  and  electrons). 


INTRODUCTION 

In  a  recent  work  by  Rocca  et.  al.  [1,2]  large  amplification  of  XUV  light  was 
demonstrated  in  Ne-like  Ar  and  S  plasma,  created  by  a  fast  (~  40  ns)  capillary  discharge 
Z-pinch.  This  Z-pinch,  with  length  to  diameter  170=  50-500,  was  shown  to  have  a  remarkable 
stability.  Therefore,  modeling  this  type  of  experiment  is  usually  performed  using  1-D  MHD 
codes,  combined  with  atomic  physics  models,  in  order  to  calculate  ionization  abundance  and 
electron  population  [3-5].  These  codes  are  highly  complicated,  and  usually  contain  a  large 
number  of  physical  effects,  some  of  them  of  second  order.  Despite  this,  agreement  with  the 
experimentally  measured  data  is  still  achieved  in  a  phenomenological  way,  by  some  major 
adjustments  in  plasma  transport  parameters  (up  to  40  times  their  classical  values)  [3]. 

In  this  work  we  present  MHD  numerical  calculations  for  a  Z-pinch  capillary  discharge 
with  parameters  as  in  [1-3].  Our  study  points  out  that,  in  this  regime,  the  standard  MHD 
model  might  be  inadequate,  since  it  neglects  the  special  effect  of  neutral  atoms.  This  may 
suggest  an  explanation  for  the  discrepancies  found  between  theory  and  experiments. 


PHYSICAL  AND  NUMERICAL  MODEL 

We  start  with  a  standard  one-fluid  two-temperature  1-D  MHD  model,  similar  to  that  used 
in  previous  numerical  calculations  [3-5].  It  considers  hydrodynamic  flow  including  shock 
waves,  heat  conduction,  heat  exchange  (between  ions  and  electrons),  magnetic  field  dynamics, 
magnetic  forces,  ohmic  heating,  radiative  cooling  and  ionization.  The  MHD  model  assumes 
local  charge  neutrality  (the  ions  and  electrons  flow  together),  and  neglects  the  displacement 
currents  as  well  as  the  neutral  atoms  in  the  plasma  [6].  For  the  regime  discussed  here  these 
assumptions  are  reasonable,  except  for  the  one  neglecting  the  neutral  component,  as  will  be 
shown  later  on.  Under  these  assumptions,  the  equations  of  motion  of  the  system  (see  [3-6])  are 
solved  implicitly  in  a  lagrangean  mesh.  We  use  a  simple  ionization  model  and  assume  a  quasi 
steady  state,  taking  into  account  collisional  ionization,  and  2-Body  and  3-Body  recombination. 
Ionization  and  excitation  by  radiation  is  neglected,  since  we  assume  an  optically  thin  plasma. 
The  latter  assumption  should  hold  at  least  to  the  end  of  the  collapse. 
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NUMERICAL  RESULTS 


The  model  described  above  was  used  to  calculate  Ar  Z-pinch  inside  a  plastic  capillary. 
The  initial  and  boundary  conditions  (after  an  ionizing  pre-pulse)  were  [3]: 

1 .  Electric  current:  1( t)  =  Io  sin(2TC  t/Th),  h  =  39kA,  to  =  64  ns 

2.  Argon:  Po  =  1.7•10■^gram/cm^ no- 2.510'^  l/cm^To  «0.5eV, Zo  =0.1. 

3.  Plastic  wall:  po  =  1  gram/cm^  A  =  14  (Mean  atomic  mass).  To  <  0.1  eV,  Zo  =  10’^. 

Results  of  these  calculations  are 
Figure  1  (a):  Electron  Density  -  log^gCn^)  depicted  in  figures  1  (a)-(d).  The 
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□  figures  display  electron  density, 
electron  temperature,  mean  ionization 
isB  and  current  density,  respectively. 
I  During  the  pinch,  the  plastic  capillary 
wall  heats  up,  ablates  and  gets  ionized. 
I  The  boundary  between  the  Argon  and 
the  ablated  plastic  is  shown  as  a  thick 
dotted  line  in  the  figures.  Figure  1  (a) 


Figure  1  (b):  Electron  Temp,  (p  [eV] 


also  presents  experimentally  measured 

I  data,  obtained  by  Rocca  et  al.  [3],  of 
the  radius  of  emitting  plasma  (below 
300A)  as  a  function  of  time.  The 
agreement  between  the  measured  and 
calculated  pinch  times  was  obtained  by 
multiplying  the  classical  electrical 
conductivity  [7]  by  a  factor  of  15 
(calculations  made  without  this  factor. 


Figure  1  (c):  Mean  ionization 


resulted  in  a  faster  pinch,  with  its  peak 
about  5  ns  earlier).  The  state  of  the 


aC  Argon  plasma  at  the  peak  of  the 
i  collapse  is  in  good  agreement  with 
■  measured  data:  electron  density  of 
I  5-  lO^’cm  ^  electron  temperature  of  65 
I  eV,  and  mean  ionization  of  about  8 
I"  (Ne-like  Ar).  However,  some  other 
features  of  the  calculated  results  do  not 
agree  with  the  measured  data.  From 


Figure  1  (d):  Current  Density  (p  [MA/cm^j 


figure  1  (a)  it  is  clear  that  in  practice 
ir-|  the  plasma  collapse  starts  later  and 
.7]  goes  faster,  compared  to  the 

■  calculation.  Experimental  compression 
velocity  ~3  times  higher  implies  that 
the  kinetic  energy  is  ~10  times 
greater,  and  as  a  consequence  ion 
temperature  at  stagnation  should  be 
_  higher  as  well.  According  to  [3], 


getting  full  agreement  between  the  calculations  and  the  experiments  requires  more  artificial 
adjustments  in  the  plasma  transport  parameters,  up  to  20-40  times  their  classical  values. 

Figure  1  (d)  presents  the  calculated  current  density  in  the  plasma  during  the  pinch  (the 
grayscales  range  was  chosen  to  show  maximum  details,  so  it  does  not  cover  the  whole  range 
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of  values  achieved  -  ±20MA/cm^  at  the  center  of  the  pinch).  According  to  figure  1  (d)  the 
current  flows  mainly  in  the  outer  shells  of  the  ablated  wall  plasma,  and  as  a  current  sheath 
along  the  shock  wave  in  the  Ar  plasma.  It  seems  that  the  main  effect  of  the  wall  is  to  keep 
most  of  the  current  out  of  the  Ar  plasma,  and  therefore  to  delay  the  pinch  time.  Figure  1  (d) 
also  shows  that  after  the  collapse  of  the  shock  wave  on  the  capillary  axis,  there  is  a  narrow 
region  where  the  current  density  changes  sign  (however  with  the  same  total  current  supplied 
by  the  power  source).  This  effect  is  a  result  of  a  compression  of  the  magnetic  field  in  that 
region,  and  serves  as  one  of  the  mechanisms  (in  addition  to  adiabatic  and  shock  compression) 
for  transforming  the  kinetic  energy  of  the  collapsing  plasma  to  thermal  energy  at  stagnation. 


THE  NEED  FOR  NEUTRAL  FLUID 

We  suggest  that  the  discrepancies  between  theory  and  practice,  mentioned  above,  may  be 
attributed  to  one  of  the  model’s  assumptions  -  neglecting  the  neutral  species  in  the  plasma. 
Figures  2  (a)  and  (b)  present  the  percentage  of  neutral  atoms  as  a  function  of  electron 
temperature,  based  on  our  ionization  model,  in  Ar  and  C  plasma,  respectively  (Carbon 
represents  the  plastic  capillary  wall).  According  to  these  figures,  plasma  of  electron 
temperature  lower  than  ~3  eV  contains  an  appreciable  amount  of  neutrals.  From  the  solid 
white  line  in  figure  1  (b)  we  also  note  that  the  Ar  plasma  starts  to  heat  up  above  3  eV  only  ~5 
ns  after  the  beginning  of  the  pinch,  and  its  central  part  stays  below  this  temperature  for  the 
next  25  ns.  Major  portion  of  the  plastic  wall  plasma  remain  below  3  eV  even  after  the  pinch 
collapse  at  the  axis.  Hence,  the  plasma  is  mostly  neutral  at  the  first  stages  of  the  collapse.  The 
ablated  wall  material  remains  mostly  neutral  even  longer,  to  the  last  stages  of  the  collapse. 


Figure  2  (a):  %  Neutrals  in  Ar  plasma  Figure  2  (b):  %  Neutrals  in  C  plasma 


Since  neutral  atoms  are  not  affected  by  magnetic  forces,  but  only  by  the  much  weaker 
mechanical  forces,  they  are  expected  to  flow  differently.  To  account  for  this  effect  we  suggest 
to  introduce  a  neutral-species  fluid,  in  addition  to  the  standard  charged-species  fluid  (ions  and 
electrons).  The  momentum  equations  for  the  two  fluids  are  [6]:  ' 

(1)  Pi  ^Ui  =-V{Pe  +  Pi)  +  ^ — —  -  Coupling  Term 

at  c 

(2)  Pa  ^  Ma  =  -V(  )  +  Coupling  Term 

Where  p  stands  for  density,  u  for  particle  velocity,  P  for  pressure,  j  for  current  density  and  B 
for  the  magnetic  field.  The  indices  e,  i,  a  refer  to  electron,  ions  and  atoms  respectively. 

Figures  3  (a)  and  (b)  present  an  estimate  for  the  forces  that  are  expected  to  act  on  the 
charged  and  neutral  fluids  during  the  pinch,  respectively.  The  grayscales  are  again  limited 
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Figure  3  (b): 


-grad(Pg)  [dyn/cm 


.xio 


Figure 3 (a):  jxB/c - grad(P^  +  p,)  [dyn/cm]  ^  Qjjjy  ^  Small  part  of  the  total  range,  in 

order  to  clarify  the  details.  It  is  clear  that 
there  are  significant  differences  between  the 
forces  on  the  two  fluids,  particularly  in 
regions  where  the  plasma  is  colder  than  3  eV 
(the  solid  white  line),  i.e.  where  the  plasma 
may  contain  a  significant  amount  of  neutral 
atoms.  The  maximal  difference  between  the 
forces  on  the  two  fluids  in  regions  of  cold 
plasma,  obtained  in  this  calculation, 
exceeds  lO’  dyn/cm^  (not  seen  in  figures  3 
because  of  the  limited  scales). 

The  coupling  term  in  equations  (1) 
and  (2)  describes  the  momentum  exchange 
due  to  collisions  between  the  atoms  and  ions 
fluids,  and  due  to  exchange  of  particles 
between  the  two  fluids  (by  ionization  and 
recombination).  Neglecting  the  latter  effect  (since  we  are  dealing  with  a  very  cold  plasma),  we 
can  estimate  the  collisional  momentum  transfer,  by  assuming  hard  spheres  approximation.  In 
that  case,  the  collision  frequency  per  unit  volume  equals  a-Va  ■na-nv\ua-Ui\,  and  the  momentum 
transfer  rate  per  unit  volume  is  thus  a-ra-ma-na-nr(ua-Uif,  where  a  is  coefficient  of  about  8. 
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Here  ra  is  the  atom  radius,  nta  it’s  mass,  ria ,  n,  are  the  number  densities  of  atoms  and  ions 
respectively,  and  Ua ,  Ui  their  flow  velocities.  Assuming  tta  «  10*^,  m  ~  10*^  (10%  ionization), 
and  \ua-Ui\~l0^  cm/s  we  get  for  Ar  plasma  a  coupling  term  of  the  order  of  10^  dyn/cm^,  i.e. 
very  weak  coupling,  2-3  orders  of  magnitude  less  than  the  difference  between  the  forces. 


CONCLUSIONS 

Our  numerical  results  agree  with  the  MHD  calculations,  e.g.  [3,4].  In  particular,  we  agree 
with  the  conclusion  that  in  the  framework  of  the  standard  MHD  model,  good  agreement  with 
the  experimentally  measured  data  can  be  achieved  only  by  some  artificial  adjustments  in 
plasma  transport  parameters  [3].  However,  our  work  points  out  that  neglecting  the  neutral 
component  in  the  plasma  may  be  unjustified  for  the  regime  discussed  in  [1-4].  Large  portions 
of  the  plasma  contain  a  significant  amount  of  neutral  atoms,  which  are  expected  to  have 
different  flow  velocities,  than  the  charged-species  fluid.  Introducing  a  neutral-species  fluid  to 
the  model  seems  to  be  important,  and  may  bring  to  better  agreement  with  the  experiments. 
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INTRODUCTION 

At  present,  the  creation  of  compact  sources  for  power  supply  of  high-current  accelerators 
is  connected  with  MCG  usage.  In  spite  of  considerable  progress  in  creation  of  capacitors  with 
high  specific  characteristics,  the  capacitive  storages  are  not  competitive  with  MCG  when 
energies  of  generated  pulse  are  higher  than  several  kJ. 

On  the  basis  of  the  experience  collected  in  HEDRC  for  a  long  time  of  design  and 
experimental  investigations  of  high-current  REB  accelerators  supplied  by  MCG  and  literature 
analysis  as  well,  the  design  of  self-contained  high  voltage  source  (SCHVS)  have  been 


accomplished  with  following  characteristics: 

Resistance  of  the  load 

2  Ohm 

Inductance  of  the  load 

100  nHn 

Voltage  height  !/„, 

450  kV 

Pulse  length  at  0.8  Um 

200  ns 

Voltage  rise-time  0.1-0. 9  I/m 

<  540  ns 

Maximum  power 

80  GW 

Pulse  energy 

~  20  kJ. 

PRELIMINARY  CHOICE  OF  CHARACTERISTICS  OF  SELF-CONTAINED 
PULSED  HIGH-VOLTAGE  SOURCE  BASED  ON  MCG 

First  of  all,  it  is  worth  mention,  that  the  usage  of  intermediate  inductive  storage  of  energy 
(IS)  for  generation  of  high  voltage  pulse  has  no  alternative  for  compact  SCHVS  based  on 
MCG,  as  well  as  a  choice  of  electrically  exploded  wires  as  an  opening  switch  (EEOS)  is 
beyond  any  doubt.  This  is  why,  for  preliminary  choice  of  SCHVS  characteristics  the  simplest 
electrical  circuit  with  inductive  storage  was  used  (fig.  1). 

P 


Fig.l.  Circuit  diagram  for  calculation  of  pulse 
n  characteristics  generated  with  help  of  inductive 
storage  and  EEOS. 


For  EEOS  description,  the  simulation  model  with  exponential  growth  of  interrupter 
resistance  was  used; 

R(i)=RoQxp(J5tl  (1) 
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where  b  -  resistance  growth  increment,  Ro  -  EEOS  resistance  at  the  moment  of  heating  stage 

t 

termination,  when  the  current  action  integral  is  equal  to  Y  -  j  p'dt  =Yc  ,  where  j  =  I/S  and 


S  =  ^  ,  «  -  number  of  fuses,  d  -  their  diameter.  For  copper  7c  ^2*  1 0  As/m. 

The  ideal  discharger  P  is  switched  on  at  the  moment  t  ^  0  when  the  current  /„,  in  IS  is  a 
maximum.  It  is  easy  to  derive  U=U(t)  when  dR/dt  =  ySR  is  valid  at  current  breaking.  Maximum 
voltage 


is  reached  at  the  moment  Zmax  -  >  where  a  =  .  (3) 

p  Rq  pL,g 

EEOS  model  was  complemented  with  condition  for  electrical  strength  of  explosion 
products  Um<Em*l-  the  peak  voltage  across  EEOS  must  be  less  than  breakdown  voltage  of 
explosion  products.  We  used  the  semiempirical  model  [1],  where  both  breakdown  voltage  and 
resistance  increment  P  are  the  functions  of  parameter  called  by  authors  as  “reduced  heating 
rate”/</.  At  the  explosion  stage  the  increment  of  EEOS  resistance  growth  is: 

^  =  ^exp  (4) 

^  V  jRd) 

where  Jr  -  current  density  at  the  instance  of  start  of  explosion.  The  maximum  electric 
strength  of  EEW  is: 

r  ^  I  -^2  I 

(5) 

\d  jj^d) 

Here  Vo,  B 2,  Bj,  A  -  constants  determined  by  the  experiment.  Representing  /  as 

h 

jl^dt 

2  0 

j  =  ,  where  kj-  =  — ^ “  form-factor  of  current  pulse,  tef=kf*ti,-  effective  time 

1% 

of  wire  heating,  one  can  obtain 


P  Bjkftj,  _  yj 

“opt  -  y  mi  - 


(6).  (7) 


From  the  energy  balance  equation  written  for  the  circuit  in  fig.  1 :  Ws  =  Wo  Kkt, 

where  Wo-  the  energy  spent  for  generation  of  initial  magnetic  flux  in  MCG,  4  -  MCG  energy 
gain,  kt-  energy  transfer  to  IS  ratio,  Wm  magnetic  field  energy  stored  in  IS  up  to 

the  instance  of  load  connection,  Ws  -  losses  in  interrupter,  one  can  derive  the  optimum  Ls 
value: 

4==0.093r/4/[mH],  (9) 

corresponding  to  the  minimum  in  energy 

(W,„+Ws)  =  0.275  (10) 

For  given  Ls  values  the  direct  power  supply  of  IS  with  MCG  current  is  absolutely 
impossible.  For  MCG  matching  to  high-inductive  storage  it  is  necessary  to  use  pulse 
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transformer  (PT)  (Fig.2).  It  is  easy  to  show  that  the  losses  of  energy  will  be  minimised  when 
the  transformer  integrates  the  services  of  both  matching  unit  and  inductive  storage  -  so-called 
transformer  inductive  storage  of  energy  (TIS).  This  is  followed  by  Ls  =  Z-2  (1  -  kc\  where  L2  - 
inductance  of  secondary  winding  of  transformer,  -  coupling  coefficient  of  PT  windings.  To 
eliminate  the  losses  during  energy  transfer  from  MCG  to  PT  connected  with  stray  inductance 
of  coupling  line  Lp,  PT  and  MCG  both  are  integrated  into  one  unit  (transformer  MCG). 


Fig.2.  Schematic  of 
SCHVS  with  transformer 
inductive  storage. 


For  reduction  of  tef  it  is  possible  to  connect  the  power  peaker  between  PT  and  MCG,  for 
example,  an  explosive  breaker  (EB),  that  is,  to  implement  the  two-stages  way  of  power 
peaking.  Apparently,  this  is  the  most  effective  conversion  circuit  design.  Indeed,  EB  allows  to 
achieve  4/  =1  ms  for  IS,  moreover,  the  most  important  fact  is  that  kt  =  k/  -  is  much  higher 
than  without  EB.  The  matter  is  that  interruption  of  current  flowing  through  the  primary 
winding  prevent  from  reversal  energy  transfer  into  primary  winding  circuit  at  EEOS  operation. 


Fig.3. 

Schematic  of  MCG 
with  axial  priming  in 
the  last  stage. 


Alternative  way  of  /ef  reduction  -  the  use  of  axial  priming  of  HE  in  the  last  section  of 
MCG  (Fig.3).  The  first  stages  of  such  MCG  operate  as  in  usual  MCG  with  face  priming.  When 
detonation  wave  close  in  on  the  point  “O”  corresponding  to  the  boundary  of  the  last  section, 
the  simultaneous  priming  of  HE  along  the  axis  takes  place  to  shape  the  detonation  wave  to  be 
smooth  cylindrical  when  reaching  the  armature  surface.  Such  procedure  allows  to  reduce 
sharply  the  operation  time  of  the  last  stage  as  well  as  effective  operation  time  of  MCG  itself 


RESULTS  OF  CALCULATIONS 

By  use  of  the  above  method  of  optimisation  we  have  made  multi-tradeoff  calculations  of 
proposed  circuit.  The  calculation  technique  for  the  first  four  sections  of  attached  MCG  design 
is  drawn  upon  [3].  The  calculations  of  the  fast-run  last  stage  of  MCG  were  made  with  usage  of 
data  abstracted  from  [4].  The  exponential  decay  of  voltage  was  used  for  discharger 
simulations.  Calculations  have  shown  the  necessity  of  employment  of  two  spiral  MCG  with  an 
axial  priming  in  the  last  stages.  The  most  characteristic  initial  and  output  properties  of  the 
system  are  given  in  the  table: 
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Peak  MCG  current 

2.6  MA 

Duration  of  MCG  work  before  EEOS  operation 

66  ms 

Initial  inductance  of  MCG  pair 

40  mH 

Inductance  of  primary  PT  winding 

0.14  mH 

Inductance  of  secondary  PT  winding 

5mH 

Diameter  of  EEOS  wires 

0.15  mm 

Length  of  EEOS  wires 

600  mm 

Number  of  EEOS  wires 

60 

Effective  time  of  MCG  operation 

3.8  ms 

Peak  current  through  EEOS 

0.297  MA 

Peak  voltage  across  the  load 

436  kV 

Maximum  current  through  the  load 

0.209  MA 

Peak  power  delivered  to  the  load 

88.1  GW 

Length  of  voltage  pulse  at  0.8  Um  height 

215  ns 

The  rate  of  voltage  growth  from  0. 1  Um  to  0.9  Um 

50  ns 

SCHVS  DESIGN 

The  following  main  units  are  included  as  compounds  of  a  source:  IS  with  explosive 
commutator  for  generation  of  initial  magnetic  field  for  MCG  excitation;  axial  priming  system 
for  the  final  MCG  stage;  two  spiral  MCGs  with  windings  connected  in  series,  supplied  with 
systems  for  axial  priming  of  HE  charges  in  the  last  stage  of  the  helices;  the  system  for 
generation  of  high-voltage  pulse;  pulsed  transformer  storage. 

Helical  MCG  consists  of  multi-turn  helix  and  an  armature  tube  filled  with  HE  charge.  The 
helix  has  four  sections,  the  first  of  which  is  winded  with  two  insulated  wires  2.5  mm  in 
diameter  (has  two  starts).  The  next  two  sections  double  the  number  of  wires  (the  number  of 
starts  of  the  winding),  and  the  last  section  triple  the  number  of  starts.  The  armature  is  made  of 
copper  tube  with  outer  diameter  40  mm  and  the  wall  width  2  mm 

The  pulse  transformer  is  a  coil-type  one.  The  primary  winding  of  transformer  is  a  copper 
ring.  Inside  the  ring  the  secondary  vending  is  placed  winded  with  a  thin  foil  having  the  same 
width  as  a  primary  winding.  Inter-turn  insulation  consists  of  a  few  layers  of  lavsan  film  and 
capacitor  paper  impregnated  with  a  liquid  dielectric. 

The  high  voltage  generation  unit  is  made  in  kind  of  hermetically  sealed  stainless  steel 
container  filled  with  transformer  oil  where  EEOS  case  and  sharpening  discharger  are  situated. 
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INTRODUCTION 

High  power  pulsed  energy  sources  are  required  to  produce  large  amount  of  X-rays. 
The  leading  role  in  creation  of  ultra-high  power  stationary  machines  belongs  to  the  USA 
National  laboratories. 

VNIIEF  has  made  much  progress  in  creation  of  ultra-high  power  explosive  magnetic 
generators  (EMG)  of  a  single  action,  which  allow  experiments  up  to  200  MJ  of  the  stored 
energy  and  up  to  10'^  W  of  the  power  in  the  load  [1]. 

Estimations  show,  that  the  shot  cost  on  the  stationary  machine  with  the  stored  energy 
of  ~  1 00  MJ  is  higher  than  the  experiment  with  EMG. 

Relatively  soft  X-ray  (quantum  energy  is  about  0.3  keV)  may  be  produced  by 
acceleration  and  the  following  deceleration  of  the  liner  or  plasma  cluster  up  to  a  velocity  of  v 
~300  km/s.  That  means  that  if  the  plasma  cluster  acceleration  way  is  several  cm,  the  time  of 
plasma  motion  must  be  about  0.1  of  a  microsecond.  This  results  in  a  difficulty,  associated 
with  the  problem  of  plasma  stability  and  the  liner  having  low  thickness  and  very  small  initial 
thickness  and  density  tolerance.  Besides,  quick  energy  input  into  the  load  requires 
complicated  fast  opening  switches,  which  need  to  be  experimentally  tested  [2]. 

In  experiments  with  EMG  it  is  reasonable  to  have  more  simple  systems  to  reach  mass 
velocities  about  300  km/s.  The  paper  [3]  theoretically  considers  one  of  these  systems,  where  a 
liner  mass  during  its  magnetic  acceleration  significantly  decreases  and  the  velocity  increases, 
i.e.,  a  variable  mass  liner  (VML).  The  same  paper  suggests  two  experimental  designs  to  test  a 
new  concept:  full-scale  experiment,  including  X-rays  generation  and  a  model  experiment, 
including  testing  of  the  initial  stage  of  VML  formation  (v<100  km/s). 

The  current  paper  describes  the  first  model  experiment  design  and  results  (joint 
experiment  "X-Ray-1"  between  Russia  and  the  USA,  1995,  VNIIEF). 
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1.EXPERIMENTAL  LOAD  OPERATION  STAGES 


A  5-module  DEMG  having  a  diameter  of  40  cm  and  powered  by  a  helical  EMG  was 
used  to  power  a  ponderomotive  unit  (PU)  in  the  model  experiment  «X-ray-l». 

Fig.l  schematically  shows  the  load  operation  stages.  At  the  first  stage  of  operation 
during  tens  of  microseconds  up  to  the  moment,  when  DEMG  reaches  the  current  maximum, 
the  liner-switch  serves  as  a  load.  Liner  was  fabricated  of  aluminum  (alloy  AMg6,  cjf  =15 
kg/mm^,  p=2,64g/cm^,  Oo  =1,4x10^  (Ohmxcm)  '  ).  The  initial  parameters  were;  thickness 
d=0.5  mm,  radius  r,,  =196.6  mm  (m=16.7  g/cm)  and  length  Iq  =50  mm.  This  experiment  did 
not  applied  methods  to  deliver  current  to  the  liner  in  a  highly  symmetrical  way,  initial 
electrical  contact  between  the  liner  and  the  wall  was  provided  very  simply:  the  liner  was 
seated  conically  on  the  electrodes  (the  angle  ~12°  relatively  to  the  liner  axis). 


Figure  i.  Generation  of  a  Plasma  Bubble 

The  figure  thows  one  half  of  a  croee  seeUon  through  a  cylindrically  symmetric  cham¬ 
ber.  a)  Currant  begins  to  run  through  the  thick  aluminum  liner.  The  current  generates  a 
magnetic  field  and  the  magnetic  pressure  accelerates  the  flnar  inward  toward  the  clip¬ 
per.  b)  At  peak  current,  the  liner  moves  past  the  clipper.  The  break  in  electrical  conti¬ 
nuity  causes  a  "spark,"  or  an  arc  of  plasma,  to  form  between  the  liner  and  the  wall,  e) 
The  magnetic  pressure  expands  the  plasma  arc  Into  a  “bubble.”  Due  to  Its  low  nmss, 
the  bubble  rapidly  accelerates  towards  the  implosion  axis  (the  axis  of  symmetry),  d) 
The  remainder  of  the  slow-moving  heavy  liner  stays  behind  while  the  bubble  races  In¬ 
ward.  Upon  reaching  the  Implosion  axis,  the  plasma  collides  with  plasma  coming  from 
other  sides  of  the  chamber,  stagnates,  and  emits  x  rays  as  It  cools. 


At  the  second  stage  of  facility  operation  the  liner  breaks  loose  with  the  current 
conductive  wall.  The  high-current  arc  discharge  appears  in  the  gap  between  the  liner  edge  and 
the  wall.  The  arc  of  plasma,  effected  by  the  magnetic  pressure  goes  through  the  gap  under  the 
liner.  This  process  reminds  blowing  up  the  "bubble"  of  a  toroidal  shape,  in  which  the  real 
surface  will  be  only  its  portion  in  space  under  the  condensed  liner.  Mass  per  square  unity  in 
the  “bubble”  will  decrease  in  the  process  of  its  blowing  up.  Both  speed  and  acceleration 
increase.  Initial  mass  of  the  plasma  arc  is  significantly  less  than  that  of  the  condensed  liner.  In 
the  experiment,  which  studied  the  liner  opening  switch  [4],  the  aluminium  liner  -0.7  mm 
thick  was  accelerated  up  to  a  velocity  of  -10  km/s,  the  maximum  current  was  -70  MA,  arc 
mass  was  from  2  to  5g. 

To  decrease  wall  effects,  associated  with  the  properties  of  strength  and  elasticity  of 
liner  and  wall  materials,  the  liner  (in  a  liquid  state)  was  cut  by  a  "clipper"  as  a  result  of  that 
the  current  arc  was  formed  at  a  liner  portion  with  less  perturbation.  The  minimum  "clipper" 
radius  Rjx,=171  mm  was  chosen  based  on  the  consideration  that  the  liner  sliding  of  the 
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"clipper"  was  in  a  condensed  state,  not  reaching  the  boiling  point  (q<2  kJ/g),  not  to  increase 
the  mass  of  the  plasma  arc.  The  height  of  the  clipper  was  1  cm.  Thick  "clipper"  provided 
attenuation  of  a  shock  wave  caused  by  the  liner  impact,  and  consequently  the  higher  speed  u 
of  the  increase  of  the  gap  between  the  clipper  and  the  condensed  liner  after  the  arc  of  plasma 
was  formed.  To  provide  additional  attenuation  of  shock  waves  the  impact  area  between  the 
"clipper"  and  the  liner  was  covered  by  a  layer  of  foam  having  a  density  of  ~0,5  g/cm^  That 
gave  us  hope  that  unloading  and  spall  effects  at  the  inner  surface  of  the  clipper  would  be  less 
dangerous  in  terms  of  increase  of  plasma  arc  mass. 

"X-Ray-l"  experiment  was  designed  in  such  a  way  that  the  slow  balk  liner  (~  6  km/s, 
M,~100  g)  could  operate  as  a  fast  opening  switch,  the  “bubble”,  which  was  formed  had 
signifieantly  less  mass  (Mb<10  g).  The  experiment  planned  to  study  only  the  initial  stage  of 
plasma  shell  formation  and  flight.  Consequently  the  accelerated  chamber  had  low  vacuum 
(Po~0,02  mm  Hg),  a  central  measuring  unit  (CMU)  was  located  at  the  Rf=100  mm.  CMU 
surface  shape  was  made  close  to  the  calculated  shape  of  the  “bubble”. 

Current  derivatives  in  the  EMG  units  (VNllEF  measurements),  voltage  (VNllEF)  and 
voltage  derivative  (PL)  in  the  transmission  line  from  DEMG  to  the  load,  voltage  at  the  CMU 
(PL)  were  registered  in  the  experiment.  VNllEF  probes  were  located  at  the  walls  of  the 
accelerated  chamber  in  the  load;  at  the  left  side  wall  in  three  uniformly  distributed  azimuthal 
sectors  the  open  light  probes  (LW#l-6)  were  located  at  the  radii  R=156  mm  and  R=107,5  mm 
and  directed  along  the  chamber  axis;  while  at  the  right  wall  there  were  located  the  inductive 
B-dot  probes  IL  at  the  radius  R=165  mm,  IBW  at  the  radii  R=160  mm  and  R=122  mm,  and 
the  light  probes  LW  #13-24  at  R=160  mm  (directed  along  the  chamber  axis)  and  R=122  mm 
(directed  perpendicular  to  the  wall).  Three  groups  of  LANL  inductive  probes  were  installed 
above  the  CMU  surface  at  R^105  mm  and  in  120°  along  the  azimuth:  Aj-Aj,  B1-B5,  C1-C5.  A 
big  variety  of  VNllEF  probes  was  located  in  the  CMU:  open  light  collimated  probes  Lk  #1,  2 
facing  the  clipper,  non-collimated  probes  LMU  #1-12,  manganine  probes,  etc.,  and  besides 
that  LANL  light  probes. 


2.  BASIC  EXPERIMENTAL  RESULTS 

DEMG  was  powered  by  the  current  7.7  MA  (t=105  ps  after  HEMG  started  its 
operation)  with  the  maximum  current  derivative  0.21  MA/ps.  DEMG  produced  in  the  load  the 
current  pulse  with  the  amplitude  64,4  MA  (t=27,9  ps)  with  the  maximum  current  derivative  of 


in  die  load  as  function  time 


about  0,98x10  ^  A/s  (t=25,65  ps).  Fig.2 
presents  experimental  values  of  the  current 
derivative  and  current  in  the  load  as  a 
function  of  time.  Time  is  counted,  when  the 
electrical  pulse  comes  from  a  detonating  unit 
to  DEMG  detonators. 

The  analysis  of  experimental  data 
showed  a  deviation  in  the  phenomena 
expected  in  the  load. 

First  of  all  inductive  probes 
measured  that  the  magnetic  field  penetrated 
under  the  liner  very  early.  The  begirming  of 
the  field  penetration  was  observed  at  the 

24.6- 24.9  ps  (ILi-ILj  probes)  and  at  the 

24.6- 28.4  ps  (A1-C5  probes). 
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Second,  VNIIEF  light  probes  LMU,  located  in  the  CMU,  measured  light  appearance  at 
the  joint  area  between  the  liner  and  the  walls  even  at  the  stage  of  HEMG  operation.  The 
earliest  increasing  signals  were  measured  by  LMU,o  probes  ((p=75°)  at  the  2.4  ps.  The  latest 
time  for  the  light  measured  by  other  probes  of  this  group  LMU  corresponds  to  the  19  ps 
(LMUg,  (p=315°).  LANL  light  probes  also  measured  early  light  (~23  ps).  Besides,  LANE  light 
probes  at  -23.4  ps  registered  impact  apparently  with  plasmoids  (light  intensity  decreased 
sharply,  presumably  as  a  result  of  plasma  sticking  on  the  light-guide  surface).  According  to 
the  calculations  the  liner  breaks  loose  with  the  clipper  at  t=28.4  ps  (see  the  next  section). 

Based  on  the  measurement  of  collimated  light  probes  Lk  the  following  picture  of  the 
initial  “bubble”  motion  was  obtained.  The  beginning  of  its  formation,  which  manifested  itself 
by  the  light  flash,  was  recorded  at  the  time  t®’‘'’ob“29.3  ps  (probe  Lk2,  9=30°).  The  second 
probe  (Lk,,  9=210°)  recorded  the  glow  Af’‘‘’ob=0.3  ps  later. 

The  light  collimated  probes  at  the  left  wall  parallel  to  the  load  axis  recorded  the  glow 
at  the  radius  R=156  mm  in  the  range  from  22.8  ps  (LW,-9=90°,  LW5-9=330°)  to  25.4  ps 
(LW3-9=210°).  During  -3  ps  the  glow  intensity  had  been  increasing,  and  within  the  time 
range  between  31.1  ps  (LW3-9=210°)  and  32.7  ps  (LW5-9=330°)  each  of  the  probes  measured 
sharp  increase  of  the  light  signal,  which  could  be  associated  with  the  “bubble”  arriving  at  the 
radius  of  the  probe  location.  Thus,  angular  difference  in  time  of  the  “bubble”  at  the  radius 
1 5.6  cm  was  already  1 .6  ps. 

The  “bubble”  had  the  fastest  speed  at  the  radius  R=156  mm  in  the  angular  section 
9<210°  -  1,5  ps  (the  most  intensive  glow  according  to  the  probe  LW3  was  observed  at  the 
time  32.7  ps),  the  “bubble”  had  the  slowest  speed  in  the  angular  sector  9>330°  -  no  less  than 

3.5  ps  (the  most  intensive  glow  according  to  probe  LW5  was  observed  at  t=32,7  ps).  Thus,  the 
average  velocity  of  the  plasma  shell  radial  motion  differed  about  a  factor  of  two  by  the  angle. 

Experimental  data  on  the  following  “bubble”  expansion  obtained  ftom  readings  of 
non-collimated  light  probes  (from  R=107.5  mm  on  the  left  wall  and  from  R=160  and  122  mm 
on  the  right  wall)  does  not  contradict  to  this  angular  picture  of  the  “bubble”  motion  and  testify 
to  further  growth  of  its  asymmetry. 

We  measured  the  voltage  in  a  transmission  line  from  DEMG  to  the  load  and  the 
voltage  in  the  CMU.  The  analysis  of  those  important  measurements  is  given  in  paragraph  4. 

3.  ABOUT  THE  TECHNIQUE  OF  CALCULATIONS 

The  main  results  of  ID  MHD  calculations  for  a  ponderomotive  rmit  (PU)  with  a 
cylindrical  liner-switch  (and  a  transmission  line  (TL)  to  it)  and  for  a  variable  mass  liner 
(VML,  "bubble")  formed  after  the  clipper  "cuts  off  a  part  of  cylindrical  liner-switch  are  given 
below. 

The  calculations  have  been  made  with  help  of  a  code  designed  to  solve  for  calculating 
one-dimensional  elastic-plastic  and  magnetic-hydrodynamic  problems  developed  on  the  UP 
program  basis  [5]. 

The  equation  of  state  and  the  Al-liner  conductivity  were  described  by  the  formulas 
from  [6].  The  MHD  calculations  for  the  VML  accounted  for  the  radiant  heat  conduction. 

According  to  this  calculation  the  liner-switch  collision  with  the  clipper  started  with  the 
velocity  of  3.8  km/s  at  t  =  26.8  p^'  (Ri„,=17.8  cm)  and  was  over  with  the  velocity  of  6.0  km/s  at 
t  =  28.4  pi'  (Re,(,=17.1  cm);  the  liner-switch  collision  with  the  CMU  would  have  begun  at  t  = 

35.5  pi'  with  the  velocity  of  -12  km/s  if  the  liner  had  been  accelerated  by  the  current  lexp(t). 

The  "bubble"  shape  prior  to  the  collision  with  the  PU  walls  (see  Fig.l)  was  supposed 
to  be  a  toroidal,  with  a  toroid  small  radius 
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r  =  Rfj-R,  Rfi=17.5  cm,  R<cm  (1) 


here  R  -Rint  is  the  minimal  distance  from  the  toroid  inside  surface  from  the  rotation  axis,  R„ 
is  the  toroid  large  radius  which  is  close  the  clipper  minimal  radius.  Only  a  small  "bubble" 
fragment  of  fixed  mass  Mq=  located  in  the  vicinity  of  R  radius  (1)  was  computed; 

here  is  the  "bubble"  total  initial  mass.  This  fragment  was  supposed  to  be  a  cylindrical  and 
moved  along  the  radial  channel  bounded  by  hard  walls  and  having  the  width  of 

[  0.05cm,  R>\1  cm 

zlZ=  ■!  (2) 

I  1.75 -O.li?,  R<\1cm 

The  ID  MHD-equations  in  the  "channel"  approximation  are  presented,  for  example,  in 
[7].  The  calculations  were  made  from  the  moment  tobS28.4  ps  which  was  assumed  to  be  the 

start  of  the  "bubble"  formation;  the  initial  "bubble"  state  in  these  calculations  =  2.4  z/cm^, 


Sob  =  2KMoK/z,  Vob  =  0. 


Fig. 3  represents  the  calculation 
results  with  Mt,=7g. 

For  a  more  detailed  "bubble" 
angular  asymmetry  imitation  that  took 
place  in  the  experiment  this  asymmetry 
might  be  associated  with  some  angular 
distribution  of  the  "bubble"  mass  M}j((p) 
supposing  that  the  "bubble"  movement  in 
each  angular  sector  Acp  is  close  to  the 
"bubble"  ID  MHD-calculation  with  some 
Mb-  mass.  Such  model  does  not 
contradict  to  the  experimental  picture  of 
the  "bubble"  formation  and  movement 
according  to  which  the  time  difference  of 
at  "bubble"  formation  start  At(.f  was 
considerably  small  (~  0.3  jus),  at  passing 
the  first  15  mm  was  no  less  than  1.5  /zy 
and  increased  as  the  "bubble"  continued 
to  move.  One  method  of  imitation  of  the 
supposed  angular  distribution 
(version  M^p)  is  given  below:  M5b=(6- 


/  ,  |i  s 

Fig.  3  The  (R-t)  and  (v-t)  diagrams  of 
movement  of  the  "bubble"  surfaces  from 
computation  with  M*=7g 


7.5-8.5-10.5-1 1.5)g,  A9/27c=(0.1-0.18-0.21-0.29-0.22)  respectively. 

The  "bubble"  parameter  estimation  results  which  are  compared  to  the  experimental 
data  in  the  next  part  of  the  paper  have  been  obtained  by  the  "bubble"  MHD-calculations 
described  above  for  the  M^=7g  (At(.f=±l  .5  ps)  and  for  the  version. 


4.  THE  EXPERIMENTAL  AND  CALCULATION  DATA  DISCUSSION. 


Comparison  of  the  characteristic  parameters  of  current  pulse  and  current  derivative 
experimental  values  with  the  analogous  parameters  taken  from  computations  of  DEMG+PU 
system,  made  before  the  experiment  without  regard  for  “bubble”  formation,  showed  a 
satisfactory  consistency. 
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The  tendency  dle^p/d^dl/dt  in  value  relation  is  evident,  beginning  before  the  moment 
of  obtaining  the  (dl/dt)„ax  value.  This  can  be  accounted  for  by  the  additional  losses  of  the 
magnetic  flux  in  the  DEMG+PU  current  circuit,  which  were  observed  in  the  experiment. 
Besides,  in  the  experiment  a  deeper  minimum  of  current  derivative  (dI/dt)n,j„=-9.4  MA/ps  was 
obtained  compared  to  the  calculations  in  calculations:  (dI/dt)n,jn=(-6)-(-7,4)  MA/ps  which 
testifies  to  the  "bubble"  formation  in  the  experiment. 

To  estimate  the  “bubble”  experimental  characteristics  the  analysis  of  the  voltage 
measurement  results  was  performed.  There  were  as  well  compared  the  experimental  and  the 
computational  voltages  in  the  DEMG’  transmission  line,  the  voltages  and  the  magnetic  fluxes 
between  the  clipper  and  the  liner-switch,  the  inductance  values  of  the  “bubble”  when  taking 
different  “bubble”  mass  values  Mb  in  the  MHD-calculations.  Fig.4  presents  comparison  of 
experimental  and  computational  voltages  in  the  DEMG’  transmission  line  at  Mb=7  g,  while 
Fig.  5  presents  comparison  of  experimental  voltage  Uo*(t)  with  calculated  voltage  on  the 
“bubble”  outer  surface  Ub+(t)  for  the  Mjb  version.  In  general,  quite  a  satisfactory  agreement 
can  be  observed. 


Fig.  4  Experimental  U and 
computational  voltages  in  the  DEMG  TL 
(from  computation  with  Mb=7g) 


t  ,  |iS 


Fig.  5  Comparison  of  experimental  voltage  0  oi 
with  voltage  on  the  external  "bubble"  surface  q, 
for  M  }/,  {  q>)  case  and  comparison  of  the 
corresponding  magnetic  fluxes 


Let  us  note  that  a  fine  structure  of  the  experimental  curve  U*o(f  =  32-^38  jus)  main 
peak  is  qualitatively  and  in  some  parameters  quantitatively  depicted  better  in  the  Mjb  version 
than  in  the  case  with  Mb=7  g  calculation.  In  particular,  two  late  peaks  at  t  =  36-b38  ps  are 
reproduced  by  the  contribution  of  Mb=10.5  g  and  1 1.5  g  values  and  the  calculated  0b+(O  and 
experimental  0o(O  niagnetic  fluxes  agree  better. 

The  observed  picture  of  the  "bubble"  movement  (see  paragraph  2)  might  be  explained 
in  the  following  way  in  the  frames  of  the  "bubble"  Mb((p)  model. 

The  fastest  "bubble"  movement  taking  place  in  the  angular  sector  ^«210°, 
corresponds  to  the  "bubble"  smallest  sector  mass  « 5.5  g,  here  the  "bubble" 
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maximum  velocity  ~50  km/s  was  obtained.  The  value  of  this  sector  is  ~10%.  The  "bubble" 
collision  with  the  CMU  in  this  angular  sector  has  defined  the  first  peak  (/ «  33  /js)  in  the  fine 
structure  of  the  experimental  voltage  U*Q{t)  recorded  at  CMU.  The  calculated  time  of  the 
"bubble"  hot  part  approach  to  the  15.6  cm  radius  corresponds  approximately  to  the 
experimental  start  of  maximum  glow  recorded  by  the  photo  collimated  probe  LW3  («  3 1 .2  jus). 

The  slowest  "bubble"  movement  which  had  place  in  the  angular  sector  ^»330° 
corresponds  to  the  ~  1 1  ^  maximum  sector  mass.  Here  the  "bubble"  maximum 

velocity  is  ~20  km/s,  the  sector  dimension  is  15-20%.  This  "bubble"  mass  collision  with  the 
CMU  has  defined  the  latest  in  time  peak  (t «  37  jus)  in  a  fine  structure  of  U*o(t)  voltage 
experimental  curve.  The  calculated  moment  of  the  "bubble"  hot  part  approach  in  this  angular 
sector  to  the  LW5  photo  collimated  probe  placed  on  the  15.6  cm  radius  corresponds 

approximately  to  the  experimental  (~  32.7  jjs). 

In  the  intermediate  angular  sectors  whose  total  sum  is  70-75  %  the  "bubble"  was 
characterized  by  the  "leading"  sector  masses  Mh  close  to  10  g,  9  g,  8  g  and  7  g.  The  latter  of 

these  sector  masses  has  defined  the  central 


Fig.  6  Possible  angular  asymmetry  of  the  "buble” 
prior  impact  on  the  CMU  (t<32.4ps) 


peak  (t  <  34  jjs)  in  a  thin  structure  of  the 
U*o(t)  experimental  curve  main  peak.  The 
calculated  moment  when  the  "bubble"  reaches 
LW,  photo  collimated  probe  placed  in  the 
angular  sector  (p~  90°  on  the  15.6  cm  radius 
in  this  sector  corresponds  approximately  to 
the  experimental  moment  «  3 1 .7  /iy  when  the 
"bubble"  hot  part  appeared  here.  The  velocity 
of  the  "bubble"  impact  on  the  CMU  in  this 
sector  is  more  than  30  km/s. 

The  picture  of  the  "bubble"  possible 
angular  asymmetry  built  by  these  three 
angular  sectors  (9^90°,  210”,  330”)  is 
presented  in  Fig.6;  here  the  maximal  angular 
asymmetry  of  the  “bubble”  before  its  impact 
on  the  CMU  reaches  (0b-0cMuy0cMu=O-17. 

The  above-presented  results  of 
comparison  of  the  experimental  and  calculated 
“bubble  “  characteristics  estimations  should 
be  considered  as  satisfactory  ones,  taking  into 
account  their  significant  errors. 


CONCLUSION 

Valuable  information  on  the  liner  PU  operation  including  the  process  of  the  plasma 
"bubble"  formation  has  been  obtained.  The  results  of  theoretical  and  computational  analysis  of 
the  experimental  data  available  definitely  indicates  to  the  fact  of  the  plasma  "bubble" 
formation,  a  main  new  phenomenon  expected  in  the  experiment.  The  "bubble"  basic 
experimental  parameters  have  been  estimated;  a  total  mass  ~5-10  g,  maximum  velocity  at  the 
collision  with  the  CMU~50  km/s,  angular  asymmetry,  etc.  Besides  this,  the  experiment  has 
shown  the  presence  of  considerable  discrepancies  in  the  experimental  picture  of  phenomena  in 
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the  liner  PU  unit  from  the  expected  one.  These  discrepancies,  first  of  all,  comprise  an 
unexpectedly  large  angular  asymmetry  in  the  processes  accompanying  the  plasma  "bubble" 
formation,  a  very  early  appearance  of  the  visible  currents  and,  possibly,  plasma  in  the  central 
area  under  the  liner  and  a  large  "bubble"  mass  as  well.  A  possible  reason  of  deviation  from  the 
expected  phenomenon  scenario  and  of  the  differences  mentioned  might  be  an  insufficiently 
reliable  contact  of  aluminum  liner  with  copper  conical  current-feeders.  We  suppose  that  the 
area  of  the  insufficiently  good  contact  caused  by  its  overheating  with  joule  heat  might  be  the 
cause  of  unexpected  copper-aluminum  plasma  and  magnetic  field  penetration  under  the  liner 
and  might  cause  a  large  asymmetry  and,  probably,  higher  "bubble"  masses.  We  hope  to 
change  the  liner  unit  design  so  that  to  provide  a  reliable  liner  contact  with  the  walls  and  a 
symmetrical  supply  of  current  to  the  liner,  to  avoid  the  side  effects  described  above  and  to 
diminish  the  initial  mass  of  the  plasma  "bubble". 
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The  physics  of  multi-wire  liner  compression  is  analysed  by  two  dimensional  simulations 
in  r-z  plane  and  in  r-tp  plane. 

Sandia  experiments  with  multi-wire  liners  provide  encouraging  experimental  results. 
But  a  threshold  effects  of  the  number  of  wires  has  not  been  entirely  explained.  This  complex 
three-dimensional  problem  nevertheless  can  be  investigated  by  means  the  two  dimensional 
simulations  in  two  orthogonal  planes.  The  simulations  were  done  with  original  adaptive  mesh 
refinement  algorithm  [1,  2],  using  a  two  temperature  plasma  model  with  and  without 
radiation  effects.  Different  models  were  used  for  equations  of  state  and  transport  coefficients. 

Three  dimensional  simulations  are  expensive,  and  they  can’t  be  realised  with  rather  full 
physical  model.  So,  firstly,  the  stability  of  tungsten  double  liner  was  analysed  in  assumption 
of  cylindrical  symmetry.  Than  some  features  of  multi-wire  dynamics  are  analysed  from 
simulations  in  Z-pinch  cross  section. 

Parameters  of  multi-wire  liners 

For  two-dimensional  simulations  in  r-tp  plane  the  cold  start  becomes  very  complicated, 
because  of  almost  point  singularity  of  initial  density  distribution.  For  small  number  of  wires 
it  is  possible  to  start  computations  in  one  dimensional  approximation,  assuming  the 
independent  explosion  of  each  wire.  Let’s  analyse  the  topology  of  magnetic  field  around  such 
multi-wire  liner.  In  plane  case  the  magneto-static  field  around  infinite  array  of  wire  is  well 
known  (Fig.l).  In  this  case  we  have  multiple  zero  point  of  magnetic  field  between  each  pair 
of  wires.  Such  zero  points  have  rather  complicated  physics,  related  with  interconnection  of 
magnetic  lines.  But  the  situation  is  drastically  changed  for  the  cylindrical  geometry  (Fig.2). 
The  cylinder  composed  of  multiple  wires  produces  magnetic  field  with  the  only  one  zero 
point,  namely  at  the  axis.  This  is  the  principal  difference  between  the  plane  and  cylindrical 
cases. 

Outside  the  wire  cylinder  the  magnetic  field  very  quickly  approaches  to  limit  of  the 
homogenous  current  in  cylinder.  But  near  the  wires  magnetic  field  variations  are  significant. 


Fig.l  Magnetic  field  topology  in  plane  geometry. 
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Fig.  2  Magnetic  field  topology  in  cylindrical  geometry. 


For  the  large  number  of  wires  the  variation  of  magnetic  field  on  the  wire  surface  is 
proportional  to  the  square  root  of  wire  number  (for  fixed  mass  load).  Analyse  shows,  that  for 
the  last  targets  of  Sandia  laboratories[3],  composed  of  300  wires,  the  variation  of  magnetic 
filed  on  the  wire  surface  is  more  than  15  percents.  This  means,  that  the  variation  of  magnetic 
pressure  and  Joule  heating  is  two  time  more.  Thus,  the  explosion  of  each  wire  is  essentially 
two  dimensional  from  the  beginning,  and  it  is  necessary  to  make  fully  two  dimensional 
simulations.  Some  estimations  for  others  multi-wire  arrays  are  given  in  the  table  along  with 
wire  and  cylinder  diameters: 

N  d  D  ?B/B 


300 

12.15  lUtt 

2 

cm 

0.18 

240 

7.5  ym 

4 

cm 

0.05 

180 

10 .  ym 

3 

cm 

0.06 

120 

18 .  ym 

4 

cm 

0.05 

Simulations  in  r-z  plane 

If  we  suppose  that  the  wires  are  already  exploded  and  homogenised  in  in  angular 
direction,  it  is  possible  to  make  simulations  in  r-z  plane.  Such  simulations  provide  wery 
useful  physical  information  about  development  of  instabilities.  The  instability  here  was 
induced  by  random  perturbations  of  the  initial  density  distribution. 

The  computations  were  done  by  ASTRE  code  [2],  with  uses  original  adaptive  mesh 
refinement  algorithm.  Equations  of  state  and  transport  coefficients  for  tungsten  were  used  in 
analytical  form.  Radiation  was  taken  in  account  as  radiation  losses,  such  model  is  valid  for 
initial  stage  of  implosion. 

Mass  load  was  2.5  pg/cm,  an  internal  shell  has  diameter  1  cm  and  mass  load  1  pg/cm, 
external  -  3  cm  and  1.5  pg/cm.  The  density  in  external  liner  was  randomly  perturbed.  Current 
parameters  are  20  MA  with  120  ns  rise  time,  what  corresponds  to  PBFA-2Z. 

The  figures  1-4  present  the  evolution  of  the  lines.  The  isolines  of  density  along  with  the 
radial  cross  section  are  given. 

Despite  the  external  liner  perturbation,  initial  compression  is  almost  homogeneous.  The 
impact  of  shells,  which  begins  near  80  ns,  induces  the  instabilities,  which  continue  to 
increase.  The  instabilities  are  evident  as  at  the  internal  side  of  the  liner,  as  at  the  external.  The 
velocity  of  liner  before  interaction  is  30  cm/ps,  and  after  the  merging  the  velocity  of  the 
heavy  resulting  liner  is  25  cm/ps. 
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iiln-iMM:4»-06  0.00187938 


for  x^.2 


Fig.  I  Density,  t=50ns 


•ln-NOM:Ao-06  O.OOU93S1  for 


Fig.2  Density,  t=80ns 


•ln-aaK:4o’Q6  0.0027869 


Fig.  3  Density,  t=90  ns 


•ln-«OM:4o-06  0.00637032  for  x-0.2 


Fig.4  Density,  t=100  ns 


Simulation  in  r-cp  plane. 

These  simulations  were  done  by  ASTRE  code  version,  which  works  in  polar 
coordinates.  The  physical  model  was  the  same,  as  in  the  previous  item. 
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The  symmetry  of  multi-wire  liner  allows  to  realise  the  computations  in  the  sector  of 
2k 

angle  >  where  is  the  number  of  wires.  In  the  presented  computation  the  target  was 

composed  of  30  tungsten  wires,  which  were  distributed  over  the  cylinder  with  3  cm  diameter. 
Boundary  conditions  on  the  lateral  sides  correspond  to  symmetry.  Because  of  analytical 
equation  of  state,  the  computations  start  from  already  distributed  liner  (Fig.5).  Current 
corresponds  to  PBFA-2Z  values  and  is  20  MA  during  120  ns.  The  initial  implosion  is  not 
homogeneous,  and  it  is  possible  to  see  that  variations  of  magnetic  field  on  the  wire  surface 
are  essential.  The  form  of  plasma  is  not  symmetric,  and  we  have  intensive  interaction 
between  the  wires.  The  penetration  of  magnetic  field  is  negligible  for  such  choice  of 
parameters 


•  in>nM:4»-0S  0.000937821 


<iiA-iii«»:4c<05  0.000597499 


Fig.6  Multi  wire  Z-pinch  simulation,  t  =  50.  ns 


The  first  simulations,  presented  here,  provide  a  physical  understanding  of  the  process. 
The  simulations  with  more  sophisticated  physical  model  will  give  more  accurate  analysis  of 
the  multi- wire  target. 
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At  present,  explosive  magnetic  generators  (EMG)  are  the  most  energy  containing  sources 
for  pulsed  power  applications.  The  use  of  MCG  for  power  supply  of  microwave  generators 
significantly  reduce  the  weight  and  sizes  of  installation  as  a  whole.  Modem  fast-run  MCGs  are 
capable  to  transmit  into  load  dozens  or  even  hundreds  of  KJ  during  only  few  microseconds. 
For  matching  with  relatively  high-resistance  load,  which  is  the  most  of  microwave  generators, 
it  is  very  useful  to  take  the  advantage  of  intermediate  inductive  store  with  electroexplosive 
opening  switch  (EEOS). 

In  papers  [1,2]  it  was  suggested  to  use  the  cut  of  a  long  wire  current  supplied  instead  of 
inductive  coil.  The  high-voltage  source  based  on  the  line  has  an  active  output  resistance  over  a 
wide  frequency  range  and  allows  to  generate  a  square  pulse  with  a  high  efficiency  of  energy 
conversion.  Unlike  DFL,  the  high  voltage  impacts  the  line  insulation  for  a  short  time  only, 
which  doesn’t  exceed  the  generated  pulse  duration.  This  allows  the  use  of  polymer  films  as  a 
main  insulation  under  extremely  high  electric  field  intensities.  So,  the  total  volume  of  forming 
line  is  comparable  with  that  of  inductive  store  for  the  same  energy  stored. 

Following  the  above  concept  we  have  built  the  installation  and  carried  out  experiments,  in 
that  number  with  use  of  MCG,  which  proved  the  idea.  This  helped  us  to  design  a  new 
accelerator,  having  the  ability  to  utilize  the  dozens  of  kilojoules  of  energy. 


DESIGN 

The  circuit  diagram  of  installation  (Fig.  1)  is  absolutely  the  same  as  that  of  the  previous  design. 
The  design  arrangements  are  alike  when  the  accelerator  is  composed  of  two  main  parts  (Fig.  2): 

Reflex 


Fig.  1.  The  equivalent  circuit  for  the  experimental  installation. 


-658- 


vacuum  chamber  and  oil  volume,  separated  from  each  other  by  bushing  section  insulator.  The 
case  with  EEOS  and  sharpening  gas  discharger  are  placed  inside  the  oil  volume.  In  addition, 
the  oil  volume  has  four  cable  leads-in,  gas  entrance  for  pressure  control  inside  the  sharpening 
discharger,  voltage  divider  as  well  as  oil  pumping  out,  filling  in  and  draining  units,  pressure 
gauges  and  compensator  of  temperature  expansion  of  the  oil.  With  help  of  the  cables  being  the 
intermediate  stores  of  energy,  the  installation  is  connected  to  either  MCG  or  capacitive  stores. 
The  installation  allows  to  adjust  the  output  parameters  within  the  wide  range  of  values  by 
variation  of  cables  length  or  their  number  (from  2  to  4)  or  capacity  of  stores  as  well  (from 
2x0.8  to  4x1.6  ^iF,  100  kV). 


Fig.2.  Scheme  of  acelerator. 

The  both  codes  AXIAL  and  ATLAS  as  well  as  own  laboratory-made  codes  have  been 
widely  used.  The  main  attention  was  paid  to  minimize  the  spurious  circuit  elements  at  a 
considerably  higher  energy  and  power  of  the  beam.  As  a  result,  we  were  succeed  to  provide 
the  1.5-2  folds  safety  factor  and  decrease  the  installation  in  sizes  in  comparison  with  the 
prototype. 


RESULTS  OF  CALCULATION 

Mathematical  simulation  have  been  made  with  help  of  ATLAS  code  including  the 
subprograms  for  EEOS,  reflex  triode  and  sharpening  discharger  calculations.  The  mathematical 
model  used  for  EEOS  calculation  is  given  in  [3],  The  reflex  triode  was  simulated  by  “3/2”  law 
under  relativistic  conditions  with  account  of  transparency  of  the  grid  and  cathode  plasma 
movement.  The  discharger  was  accounted  for  by  exponentially  decreased  resistance  mainly, 
since  the  further  refinement  of  the  model  had  no  influence  on  the  results  of  calculations 
practically. 
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Fig.3.  Mathematical  simulation  with  help  of  ATLAS  code. 


Initially,  the  accelerator  was  assumed  to  operate  under  three  main  conditions: 

A.  U  =  800  kV,  T  =  80  ns,  Zn,  =  25  Cl,  Z,.  ~  25  Q. 

B.  U  =  600  kV,  T  =  240  ns,  Z^.  =  25  Q,  Zl  ~  25  D.. 

C.  U  =  600  kV,  X  =  240  ns,  Zpi.  =  12,5  O,  Zl  ~  13 
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Calculations  reveal  two  more  interesting  conditions  to  be  realized; 

D.  U  =  600  kV,  X  =  400  ns,  Zfl  =  12,5  H,  Zl  ~  13  O. 

E.  U  =  600  kV,  X  =  200  ns,  Zfl  =  1 2,5  Q,  Zl  ~  25  O. 

Initial  data  as  well  as  results  of  calculations  are  given  in  Table  1  and  Fig.  3. 


Table  1 


Variant 

A 

B 

C 

D 

E 

Storage  capacity,  |J,F 

3.2 

3.2 

6.4 

6.4 

3.2 

Voltage,  kV 

100 

100 

100 

100 

50 

Wires  diameter,  (im 

50 

100 

100 

100 

50 

Wires  number 

80 

21 

40 

38 

90 

Wires  length,  mm 

700 

700 

700 

650 

600 

Peak  power,  GW 

22.6 

16.9 

31.0 

28.4 

18.2 

Energy  in  load,  kJ 

1.46 

3.74 

6.89 

8.61 

1.69 

Efficiency,  % 

9.1 

23.0 

21.5 

26.9 

10.6 

One  can  notice,  that  under  condition  D  the  peak  power  of  the  beam  is  28  GW  and  pulse 
duration  at  the  level  of  20  GW  is  more  than  300  ns  while  the  resistance  of  the  load  changes  by 
almost  3.5  times.  Experimental  data  as  well  as  numerical  simulation  results  gives  us  the 
reasons  to  believe  in  obtaining  microwaves  with  power  higher  than  1  GW  and  energy  of  the 
pulse  -100  J.  We  plan  to  use  this  new  installation  with  microwave  generators  of  other  types. 
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in  the  Z-pinch 
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Abstract.  An  analysis  of  high  energy  ion  generation  mechanisms  in  the  Z-pinches  is 
given  in  the  paper.  A  particular  attention  is  paid  to  a  mechanism  of  ion  generation  in  the 
process  of  high  temperature  plasma  expansion  and  to  a  mechanism  of  ion  acceleration  up 
to  the  Alfven  velocity  in  a  zone  surrounding  the  pinch  plasma  column. 


Introduction 

The  presence  of  high  energy  of  about  few  MeV  region  is  well  known  fact  for  Z-pinch 
discharges.  The  origin  of  the  such  ions  in  the  MeV  energy  range  can  not  be  explained  by  a 
simple  acceleration  between  the  discharge  electrodes,  since  the  energy  of  such  ions  is  many 
times  greater  than  the  voltage  ,  applied  to  the  electrodes.  It  is  also  known  that  the  spectra  of 
high  energy  ions  outgoing  from  discharges  has  the  power  dependence  on  the  energy  (~1/E'') 
with  the  power  index  in  the  range  from  2  to  3  [1].  One  should  note  that  the  same  spectrum  of 
protons  is  observed  in  the  space  plasma.  As  known  ions  can  be  accelerated  in  the  electric  fields 
or  obtain  the  energy  from  other  particles  possessing  of  a  higher  energy.  Let  us  consider  the 
energy  production  under  acceleration  in  the  electric  plasma  fields. 

A  few  mechanisms  are  proposed  for  explaining  the  high  energy  ion  generation.  Some  of  them 
turned  out  to  be  wrong.  For  example,  the  high  electric  field,  caused  by  pinch  border  motion 
with  the  velocity  v,  is  sometimes  involved  for  explaining  the  ion  acceleration,  when  the  field, 
E=[vxB]/c,  emerges  in  the  laboratory  set  of  co-ordinates.  However,  this  field  is  absent  in  the 
set  of  co-ordinates,  related  with  the  plasma.  Thus  it  cannot  be  responsible  for  acceleration  of 
particles. 

The  Ohmic  electric  field  (E=j/a)  is  related  with  the  friction  between  electrons  and  ions,  when 
the  current  passes  through  the  plasma.  In  such  a  field  the  electron  acceleration  is  possible  due 
to  the  mechanism  of  electron  runaway  effect  in  the  plasma.  Thus  mechanism  is  related  with 
that  the  frequency  of  collisions  between  electrons  and  ions  is  reduced  with  a  rise  in  the  electron 
energy.  Therefore  a  part  of  electrons,  having  a  rather  high  velocity  can  practically  interrupt 
their  interaction  with  the  plasma  ions  and  acquire  the  energy  equal  to  a  potential  difference  in 
the  Ohmic  field.  However  the  similar  run  away  mechanism  for  ions  is  absent.  It  is  related  with 
that  the  frequency  of  electron-ion  collisions  depends  on  a  relative  velocities  of  electrons  and 
ions,  i.e.  on  the  electron  velocity.  In  this  case,  the  ions  with  different  energies  are  accelerated  in 
the  similar  way  under  collisions  with  electrons,  and  among  them  there  are  no  ions  which  could 
dominantly  acquire  the  energy  in  comparison  with  other  ions. 

The  third  electric  field  which  exists  in  the  plasma  is  the  Hall  one:  E=[j*B]/nec.  Due  to  a 
presence  of  a  such  the  field  a  ponderomotive  force,  F=[j*B]/c  affecting  electrons,  is 
transferred  to  ions.  This  field  in  a  stationary  Z-pinch  produces  the  potential  difference,  in  a 
radial  direction,  equal  to  the  ion  temperature.  Therefore  in  the  stationary  z-pinch  this  field 
retains  the  ions  in  the  radial  direction  from  the  expansion.  However  it  can  not  accelerate  ions 
up  to  energies  greater  than  their  temperature.  In  non-stationary  z-pinch  ions  can  be 
accelerated  in  the  Hall  field  up  to  very  high  energies. 
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Two  mechanisms  of  generating  high  energy  ions  in  such  a  field  have  been  found:  one  of  them 
is  related  to  the  generation  in  dense  plasma  column  of  the  pinch:  Another,  to  regions 
surrounding  the  pinch  column. 

High  energy  ion  production  in  the  z-pinches  due  to  a  high  temperature  plasma 
expansion 


Density  of  plasma 


Axial  velocity 


The  first  mechanism  to  be  considered  and  related  to  the  main  part  of  fast  ions,  is  related  to  a 
high  temperature  plasma,  expanding  from  a  dense  z-pinch  region,  when  both  ion  and  electron 
thermal  energies  are  converted  into  the  kinetic  energy  of  fast  ions.  A  dense-high  temperature 
plasma  is  produced  in  the  z-pinches  due  to  the  plasma  column  compression  by  the  magnetic 
field  of  the  pinch. 

The  particle  expansion  from  the 
neck  in  axial  direction  results  in  a 
reduction  in  the  number  of  particles 
in  the  N-cross-section  and  an  average 
energy  of  the  left  particles  (i.e. 
temperature,  T)  is  increases  due  to 
satisfaction  of  the  Bennet  condition 
(NT=I^/4c^).  The  plasma  dynamics  in 
the  z-pinch  necks  is  such  that  the 
plasma  temperature  there  is 
continuously  rising,  and  the  number 
of  particles  in  the  cross-section  is 
reduced. 

If  one  assumes  that  ions,  expanding 
from  the  neck,  have  the  Maxwellian 
spectrum  and  the  plasma  temperature 
attains  high  values,  the  total  energy 
distribution  of  expanding  ions  will  be 
determined  by  the  expression  [2]: 
dn/dE=3  h/8cE^. 

This  expression  determines  the 
energy  spectrum  of  particles,  when 
there  is  no  limit  to  the  temperature 
rise  in  the  pinch.  If  such  a  limit  exists, 
the  ion  energy  distribution  power 
index  k,  dn/dE-l/E'^,  will  be  in  the 
range  from  2  to  3  [1],  that 

corresponds  to  the  spectra,  observed 
in  the  pinch  discharges. 

As  a  result,  the  emergence  of  the  main  part  of  high  energy  ions,  their  amount  and  the 
spectrum  can  be  explained  as  a  result  of  the  high  temperature  plasma  emergence  in  the 
compressed  z-pinch  regions.  At  present,  such  an  approach  to  the  high  energy  ion  flux 
determination  from  z-pinches  has  been  developed  in  the  papers  by  Trubnikov,  Zhdanov  and 
Vlasov  [3,4]. 


Figure  1.  The  results  of  2D  MHD  modeling  of  Z-pinch  neck 
development  for  the  moment  of  presence  of  strong  z-axis 
stream  of  plasma. 
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Ion  generation  in  a  plasma  surrounding  the  pinch 

Another  mechanism  of  ion  generation  has  been  found  in  the  analysis  of  plasma  flows  in  a 
region,  surrounding  the  plasma  column  of  a  pinch. 

So,  simulating  the  short  wave 
perturbation  development  in  the 
pinch  plasma  column  a  fast  expanding 
cavity  is  produced.  This  cavity  is 
filled  with  a  rarefied  plasma  with  the 
magnetic  field  "frozen"  into  it. 
Frequently  a  situation  emerges,  when 
the  magnetic  field  can  enter  the 
expanding  cavity  through  a  narrow 
slit  only  (Fig.2)  In  that  case,  to  be 
able  to  fill  the  cavity,  the  magnetic 
field  flow  rate  becomes  very  high, 
being  limited  by  the  velocity  of  light 
only  in  the  absence  of  plasma,  since 
the  plasma  acceleration  inside  the 
cavity  is  prevented  by  the  inertia  of 
the  plasma,  "frozen"  into  this 
magnetic  field,  a  given  velocity 
cannot  exceed  the  Alfven  one.  As  a 
result,  the  plasma  flows  at  rates, 
corresponding  to  the  Alfven  velocity 
are  produced  in  the  region 
surrounding  the  pinch  plasma 
column.  A  given  situation  is  similar 
to  that  as  if  the  rarefied  plasma  with 
Figure  2  The  results  of  2D  MHD  modeling  of  Z-pinch  neck  magnetic  field  frozen  into  it, 
development  for  the  moment  of  presence  of  strong  radial  ion  Started  to  expand  rapidly  into  vacio. 
stream.  In  that  case,  the  magnetic  field  under 

expansion  accelerates  the  plasma  , 
and,  in  fact,  the  whole  magnetic  field  energy  of  the  plasma  particles  locates  in  that  field.  The 
similar  high  energy  ion  generation  mechanism  could  take  place  in  the  stratosphere  of  stars, 
when  the  energy  of  an  emerging  magnetic  fields  could  be  converted  into  high  energy  particle 
fluxes. 


Discussion  about  the  models 

One  should  note  that  the  high  energy  particles  in  the  mentioned  mechanisms  are  driven 
symmetrically  with  respect  to  the  pinch  current  direction,  meanwhile  there  is  an  explicit 
asymmetry  in  the  expansion  from  the  pinch  in  the  experiments. 

Such  an  asymmetry  is  related  with  that  their  subsequent  motion  in  the  magnetic  field  of  a 
pinch  results  in  an  advantageous  motion  towards  the  cathode.  In  [5]  the  high  energy  ion 
trajectories  in  the  magnetic  field  of  a  pinch  are  considered. 
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An  analysis  of  that  particle  trajectories  has  shown  that  the  majority  of  high  energy  ions  in  the 
pinch  plasmtreven  under  isotropic  generation  of  high  energy  ions  expands  towards  the  cathode 
due  to  their  drift  in  the  magnetic  field  of  a  pinch. 

The  first  mechanism,  providing  for  our  opinion,  the  main  part  of  fast  ions,  is  connected  with 
high  temperature  plasma  outflowing  from  dense  z-pinch  region,  when  both  ion  and  electron 
thermal  energy  is  converted  into  the  fast  ion  kinetic  energy. 

Theoretical  analysis  shows  the  power  dependence  for  high  energy  ion  number  on  their 
energy  with  index  of  a  power  from  -2  to  -3. 

The  one  more  reason  for  high  energy  ions  generation  is  plasma  motion  in  the  surrounding 
pinch  regions.  Plasma  velocity  in  such  the  regions  is  appeared  to  be  enough  high,  limited  by 
alfven's  one.  Since  Alfven's  velocity  might  be  great  (about  10®  sm/c)  there,  that  due  to  low 
plasma  density  and  high  magnetic  field,  the  fast  ion  energy  is  evaluated  to  be  in  MeV  region. 
Both  the  mechanisms  are  examined  in  this  paper,  including  the  MHD  approximation  and  the 
simple  analysis  of  ion  motion  in  electromagnetic  fields. 
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Abstract.  An  analysis  of  a  numerical  simulation  of  the  electron  beam  drive  in  Z-pinch  discharges 
are  represented  in  the  paper.  The  results  of  the  plasma  inhomogeneity  effect  along  the  Z-axis  on 
the  plasma  column  resistance  are  given.  The  electron  beam  is  generated  as  a  result  of  the  electron 
run-away  mechanism  at  the  places  of  the  strongly-compressed  plasma  production  in  the  vicinity 
to  the  pinch  axis.  The  main  electron  beam  fraction  is  generated  at  the  stage  of  plasma  column 
expansion. 

Introduction 

As  known,  the  electron  fluxes  -  the  energy  of  which  is  equal  to  a  few  hundreds  eV  at  the 
current  of  order  of  1  MA  -  are  generated  in  the  Z-pinch  discharges.  The  simplest  estimates 
show  what  the  electron  generation  occurs  as  a  result  of  the  electron  run-away  mechanism  [1], 
High  energies  of  beam  electrons  -  of  the  order  of  a  few  hundreds  eV  -  are  a  serious  difficulty  in 
the  explanation  of  electron  beam  parameters  in  the  Z-pinches. 

In  order  to  produce  the  electron  acceleration  up  to  such  an  energy  one  should  assume  a 
rather  high  plasma  column  resistance  essentially  greater  than  the  Colombian  one  or  an 
anomalous  resistance  emerging  as  a  result  of  driving  the  kinetic  instability.  Therefore  in  [1,2]  a 
geometrical  factor  of  the  current  passage  through  the  pinch  plasma  column  has  been 
introduced  for  matching  with  the  experiment,  i.e.  it  has  been  a  priori  assumed  that  the  plasma 
column  resistance  is  10^20  times  increase  because  of  zigzag  current  passage  through  the  pinch 
plasma  column.  Such  an  increase  in  the  pinch  resistance  emerges  only  when  there  is  the 
electron  density  inhomogeneitly  along  the  pinch  and  the  plasma  magnetization  parameter,  cax, 
is  essentially  higher  than  unity. 


An  increase  in  the  plasma  column  resistance 
because  of  a  zigzag  current  passage  through  it 

In  [3]  a  problem  of  current  distribution  in  the  plasma  column,  in  the  presence  of  density 
inhomogeneities  along  the  column,  has  been  formulated  for  estimating  an  increase  in  the 
plasma  column  resistance,  as  a  result  of  the  zigzag  current  passage. 

For  finding  the  stationary  current  distribution  an  equation  of  a  magnetic  field  change  in 
space,  taking  account  of  the  magnetic  field  diffusion  in  plasma  and  the  Hall  electric  field,  has 
been  numerically  solved.  For  simplicity,  it  has  been  assumed  that  the  electric  density  is 
sinusoidally  changed  along  the  pinch  axis 

n  =  no  +  ni  cos(27rz/>,),  (1) 

where  ni  is  the  density  perturbation  along  the  plasma  column,  X  is  the  density  perturbation 
wavelength.  The  equation  for  the  cp-magnetic  field  component  within,  the  framework  of  an 
electron  hydrodynamics  has  the  form: 
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where  D  =  — —  is  the  magnetic  field  diffusion  coefficient. 

4;rcr 

Previously,  in  [3],  the  stationary  solution  to  Eq.  (2)  has  been  found  for  the  case  of  long 
wavelength  perturbations  (i.e.  dWdz  «  dWdr).  Here,  we  give  the  results  of  the  complete 
solution  to  Eq.  (2),  when  dU/dt  =  0.  The  solution  has  been  done  by  the  technique  «of  setting)), 
when  a  change  in  the  magnetic  field  is  simulated,  according  to  Eq.(2),  and  the  solution  to 
which  the  magnetic  field  distribution  tends  for  a  rather  long  time  interval  is  found.  Under  such 
an  approach  the  initial  magnetic  field  distribution  is  of  no  importance.  For  certainly,  the  initial 
magnetic  distribution  has  been  taken  as  H(r,z)~l/r,  that  is  corresponds  to  the  stationary  current 
distribution  in  the  absence  of  the  electron  density  perturbation  along  the  pinch.  If  one  knowns 
the  magnetic  field  distribution  at  a  finite  instant  of  time,  one  will  be  able  to  calculate  the 
resistance  R.  This  resistance  may  be  presented  as: 

R  =  gRo  =  Ro+(g-l)Ro,  (3) 

where  Ro  is  resistance  of  the  stationary  homogeneous  plasma  column,  g  is  geometrical  factor. 
The  result  of  numerical  simulation  of  Eq. (2)  are  given  in  Fig.  1-3. 


r  0  n.f 

Figure  1  Stationary  distribution  of  magnetic 
field  under  X=  ro,  ni/no=0.1.  and  fflT=10 


Figure  2  Stationary  distribution  of  magnetic 
field  under  X=  ro,  ni/no=0.1.  and  fflT=1000 


Figure  3.  Dependence  of  geometrical  factor  (g-1)  from 
X  and  fflx  under  ni/no=0.1 


An  increase  in  the  plasma  column 
resistance,  is  given,  being  dependent  on 
the  magnetization  parameter,  ox,  and  on 
the  perturbation  wavelength.  A,,  at  the 
relatively  pertubation  amplitude, 
ni/no=0.1.  In  Figure  3  one  can  see  that,  at 
ox<20,  the  resistance  coefficient,  g,  is 
increased  with  the  parameter  ox.  At  great 
values  of  ox  the  attainment  of  a  plateau 
(Fig. 3)  is  observed,  and,  when  the 
perturbation  wavelength  is  in  range  O.Olro 
<  X,  <  0.1  ro  (where  ro  is  the  plasma 
colunrn  radius),  an  increase  in  g  -  because 
of  a  zigzag  current  motion  -  is  in  the 
range  from  2  to  100. 
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One  should  note  that  in  more  early  -  done  papers  [4,5]  dealing  with  Hall  effect  on  the 
plasma  resistance  rise,  an  unlimited  pinch  plasma  column  resistance  rise  has  been  produced 
with  a  rise  in  the  parameter  cot.  The  effect  of  plasma  column  resistance  rise  saturation  -  found 
here  and  dependence  on  the  parameter  cot  -  is  related  with  the  fact  we  -  first  -  have  found  a 
stationary  solution  for  the  magnetic  field  distributions  in  a  plasma  column,  taking  account  of 
the  Hall  effect  and  all  the  terms  in  Eq.(2).  In  the  given  solution  the  magnetic  field  diffusion  in 
axial  direction  has  turned  out  to  be  essential.  The  due  regard  for  this  diffusion  results  in  the 
disappearance  of  the  pinch  plasma  column  resistance  dependence  on  the  magnetic  field 
magnitude  of  high  magnetization  parameters  cot. 

As  a  result,  the  introducing  of  the  geometrical  parameter,  g=10H-20,  into  the  pinch  plasma 
column  resistance  rise  is  justified  in  [1,2]  and,  probably,  the  due  regard  for  this  factor  is  also 
necessary  in  all  the  papers  which  deal  with  the  Z-pinch  discharge  dynamics.  Here  we  briefly 
represent  -  once  more  -  the  results  of  simulating  the  electron  beam  generation,  taking  account 
of  this  factor. 


The  electron  beam  genertion 

That  the  concentration  of  the  current  in  the  vicinity  of  z-axis  leads  to  the  essential  rise  in 
the  strength  of  the  local  electric  field  and  electron  beam  might  be  generated  in  such  the  region. 

Taking  this  factor  into  account  electric  field  along  the  Z-pinch  is; 

E  =  g(I-  IbcamVaS,  (4) 

where  I  is  total  pinch  current,  Ibeam  is  electron  beam  current,  o  =  neVme(Vei  +  Vefr),  S  =  Jtr^,  r  - 
plasma  column  radius  in  the  neck. 

We  used  simple  model  of  final  stage  of  the  Z-pinch  for  description  of  plasma  dynamics  in 
the  neck  of  the  Z-pinch  [5].  According  to  this  model  the  plasma  temperature  T  is  defined  from 
radial  equilibrium: 

T  =  f/4c"N,  (5) 

where  N  is  number  of  ions  per  unit  height  of  neck. 

The  loss  of  plasma  from  the  neck  can  be  described  by  the  equation 

dN/dt  -  -  N/t,  (6) 

where  t  is  the  characteristic  time  for  escape  of  plasma  out  the  neck,  t  =  hllVi ,  h  is  length  of 
neck,  h  «  20r  [5],  v,  is  the  sound  velocity.  The  energy  balance  in  the  neck  is  written  as 
3d(NT)/dt  =  -5NT/T  -  r  bV4  dr/dt  +  Qj,  (7) 

where  B  =  2I/cr,  Qj  is  Joule  heat  release,  Qj  =  (I-Ibeam  )E. 

The  equation,  describing  the  generation  of  electron  beam  is  as  follows  [1]: 

dibeam/dt  =  (G  N  e  h  -  Ibeam/h)  Vb,  (8) 

where  e  is  electron  charge,  Vb  is  the  electron  beam  velocity  (m  Vb^  /2  =  E  h  e). 

The  results  of  numerical  simulation  of  Z-pinch  discharge  at  the  current  1  MA  and 
deuterium  gas  pressure  1  Torr,  g=20  are  given  on  Fig.4.  Maximum  of  density  is  arise  10^”  cm‘^, 
minimum  radius  of  plasma  column  -  0.5  mm,  maximum  of  accelerated  voltage  is  380  kV  and 
maximum  beam  current  -  10  kA. 


Summary 

Our  theoretical  investigation  of  electron  beam  generation  and  comparison  with 
experimental  data  leads  to  following  conclusions: 
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Fig.4.  Radius  of  plasma  column  r,  plasma  density  n,  beam  current  Ibeam  and  voltage  on  the  neck 
U  vs  the  time  at  the  current  1  MA 


1.  Zigzag-like  current  motion  is  stated  for  the  case  of  stationary  plasma  column  with  density 
inhomogeneity  along  z-direction.  Such  indirect  current  motion  leads  to  increase  of  resistance 
of  plasma  column. 

2.  The  dependence  is  obtained  for  resistance  vs  ox.  If  oi)T<100  then  increase  of  rox  leads  to 
continuous  increase  of  resistance,  with  regard  to  resistance  under  homogeneous  current 
motion;  if  (dx>100,  then  increase  of  resistance  becomes  constant  with  regard  to  the  value  of 
homogeneous  current  motion  resistance.  Theory  gives  the  reasonable  value  of  geometrical 
factor  g=10^20. 

3.  Modeling  of  electron  beam  parameters,  using  g= 104-20  shows  good  agreement  with 
experimental  data  (electron  beam  current  10  kA,  voltage  2004-300  kV,  duration  204-40  nsec). 
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MHD  INSTABILITIES  OF  IMPLODED  LINERS 
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Dense  multicharged  ion  plasmas  {Z»l)  of  imploded  liners  [1]  and  z-pinches  [2]  are  high 
effective  powerful  sources  of  thermal  X  radiation. 

The  magnetohydrodynamics  of  dense  heavy  ion  plasma  has  qualitatively  new  physical 
properties.  Due  to  the  high  radiation  cooling  the  balance  between  radiation  and  plasma  heating 
by  shock  waves  or  joule  effect  takes  place  at  a  relatively  low  plasma  temperature,  so  that  a 

thermal  plasma  pressure  becomes  much  less  the  magnetic  one:  fi=87ip/B  «1  (or  Alfven 
velocity  is  much  more  than  the  sound  one  ca»Cs)  and  the  plasma  conductivity  is  not  so  high 
unlike  low  radiation  plasmas.  It  means  that  the  magnetic  field  pressure  cannot  be  balanced  by 
the  thermal  one  *.  The  magnetic  field  pressure  is  balanced  by  inertia  forces  of  accelerated 
plasma,  the  magnetic  field  and  plasma  density  are  distributed  self-consistently  in  accordance 

with  magnetic  field  diffusion  due  to  the  finite  electrical  conductivity  of  plasma  [3],  In  [3]  the 
nonlinear  equation  for  intense  radiating  plasma  shells  (liners)  accelerated  by  magnetic  field  was 
derived.  The  initial  problem  in  ID  was  solved  and  shown  that  the  singular  asymptotic  solution 
is  realized  for  a  wide  class  of  initial  and  boundary  conditions. 

Different  types  of  instabilities  influence  on  plasma  implosion  and  finally  define  the  z-pinch 
radiation  power.  Thermal,  radiative  and  non-isothermal  instabilities  of  liners  in  azimuthal 

direction  were  investigated  at  [4-6]  and  others.  The  thermal  instabilities  [7]  and  MHD  Rayleigh- 

Taylor  in  axial  direction  [7,8,9]  for  radiating  plasma  were  studied  numerically.  The  main 
influence  on  plasma  implosion  quality  exerts  the  MHD  Rayleigh-Taylor  axial  mode,  thermal 
instabilities  produce  perturbations  for  it. 

In  this  paper  we  develop  the  approach  [3]  to  the  MHD  of  intense  radiating  plasma 
implosion,  consider  the  stmcture  of  the  magnetic  field  -  outer  surface  plasma  border  and  its 
stability  with  respect  to  thermal  and  Rayleigh-Taylor  axial  modes  and  its  modification  by  the 
electromagnetic  field  diffusion  and  radiation  cooling.  The  interior  part  of  imploded  plasma  shell 
is  examined  on  stability  and  conditions  for  MHD  Rayleigh-Taylor  instability  are  obtained  which 
are  realized  as  a  rule  under  significant  compression  degree  near  final  stage  of  implosion  just 
before  pinching.  Theoretical  results  and  numerical  complete  simulations  by  means  2D  ZETA 
code  are  compared. 


ASYMPTOTIC  SOLUTION  FOR  INTENSE  RADIATING  LINER 

As  shown  earlier  by  one  of  the  authors  [3]  the  dynamics  of  magnetically  accelerated  dense 
radiating  plasma  liner  in  the  planar  geometry  approximation  may  be  overwritten  by  nonlinear 
wave  equation.  An  arbitrary  initial  distribution  evolves  to  the  asymptotic  solution  in  which  the 
liner  density  and  the  magnetic  field  B  have  exponential  distributions  with  characteristic  scale  - 
skin  depth  (the  magnetic  field  twice  wider): 

j  d2  ^  A 

B  =  B(.e~^;  p  =  — —e~^'^;  v  =  x— -  for  x>0  (1) 

AmUs  A 


*  Except  the  case  of  very  low  density  high  Z  plasmas  which  are  heated  by  intensive  shock  wave.  In  this  case  ions 
are  heated  mainly,  radiation  cooling  is  limited  by  ion  -  electron  energy  exchange  rate  and  thermal  pressure  may  be 
sufficiently  high.  Considering  of  such  low  density  effects  is  out  of  a  subject  of  this  paper  (see  [5,6]). 
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here  is  a  coordinate  in  the  frame  of  reference  of  moving  liner  in  a  direction  of  liner 


acceleration  a  under  action  of  applied  magnetic  field  Bq( t)  ,  A  = 


^2^ 
'  c  a 


dt 


2m 


-  liner  skin-depth. 


This  solution  was  derived  under  condition  that  the  plasma  thermal  pressure  is  negligible 
with  respect  to  magnetic  one.  In  order  to  obtain  a  plasma  density  distribution  on  the  border 
magnetic  field  -  plasma  i.e.  for  x<0  it  is  necessary  to  take  into  account  the  plasma  thermal 

pressure  and  some  kind  of  anomalous  resistivity  at  low  density  plasma.  Due  to  P«1  a 

thickness  of  the  transition  layer  5  is  much  less  the  skin-depth  «A  and  therefore  the 

a 

electric  field  is  constant  inside  this  layer  and  B  changes  there  just  in  the  next  order  by  &A 

parameter.  Then  developing  the  procedure  [3]  for  this  region  it  is  light  to  get  the  plasma  density 
distribution  inside  the  transition  layer  which  has  the  next  expression  simplified  with  the 

accuracy  of  the  main  order  by  d/A : 


p{x,t) 


Po^ 


Pod- 


S  = 


_  ^qp. 

<^«Po-op. 

-A-" 


for  X  <  -X5 


(2) 


')  +  Pa^ 


for  —  A5  <  X  <  0 


A  =  0.5— In—  is  a  parameter  reflecting  the  concrete  point  of  the  conductivity  transition  from 
5  Pa 


anomalous  at  p^  to  classical  cr.  The  solutions  (1)  and  (2)  are  sewed  together  at  the  point  x=0, 

eP 

pQ  =  — —  with  the  accuracy  of  the  main  order  by  /p^  «1 . 

AmA 


The  solution  (2)  for  the  external  surface  of  the  liner  is  formal  because  of  instabilities 
destroying  it.  Unlike  of  it  the  solution  (1)  for  the  liner  interior  structure  has  much  more  deep 
sense.  As  complete  2D  radiation  MHD  simulations  and  theory  below  show  the  inner  liner  part 
is  more  stable  during  almost  all  implosion  and  distribution  (1)  realizes  locally  in  spite  of 
instabilities. 

The  external  liner  surface  is  unstable  due  to  thermal  and  Rayleigh-Taylor  instabilities. 


AXIAL  THERMAL  INSTABILITY 


The  thermal  instability  of  the  liner  external  surface  is  a  result  of  increase  of  the  plasma 
conductivity  versus  temperature.  Actually  as  mentioned  above  the  electric  field  is  almost 
constant  in  external  plasma  layers  as  they  are  thinner  the  skin  -  depth  and  joule  heating  rises 
with  the  temperature  growth.  As  far  as  the  layer  is  heated  it  intercept  more  the  current  from  more 
deep  layers.  An  electron  thermal  conduction  cannot  suppress  the  instability  process  as  it  is 
magnetized  by  transversal  magnetic  field  as  well  as  radiation  transfer  cannot  do  it  also  as 
external  plasma  is  transparent.  Detailed  instability  examination  of  the  nonhomogeneous 
nonstationary  distribution  in  the  frames  of  MHD  with  ohmic  heating  shows  that  in  a  competition 
of  the  joule  heating  and  electromagnetic  field  diffusion  the  instability  on  the  external  liner 


surface  takes  place  if 


^ln(<T)  ^  ,  <9ln(<Tep) 


minimum  mm( 


dln{T) 
<91n(cTep) 

^ln(T) 


>  1  +  ^  plasma  specific  internal  energy.  The 

)=0.5  for  heavy  ion  plasmas  realizes  for  short  wavelegth  modes  when 


plasma  has  time  to  leave  the  hot  points  i.e.  CsT>2ji/k.  {k  -  a  wave  number).  The  characteristic 
time  of  instability  growth  is  typical  for  thermal  instabilities  i.e.  the  plasma  heating  time 


-671- 


T  =  — ^ —  .  The  thermal  instability  develops  as  ring  strata  stretched  in  z  direction  on  the 

external  liner  surface  with  a  scale  much  less  the  skin-depth.  Numerically  this  instability  was 
observed  in  complete  radiation  MHD  simulations  of  the  argon  shell  implosion  [7]. 

The  nonisothermal  instability  of  multicharged  ion  plasma  due  to  shock  wave  heating  of 
ions  from  one  side  and  radiation  cooling  of  electrons  from  another  takes  place  also  in  low 
density  plasma  especially  if  the  shock  wave  propagates  through  regions  of  falling  down  density 

where  the  shock  wave  accelerates,  for  example  like  for  gas  puff  annular  plasma  [7]. 

Thermal  instabilities  develop  on  the  stage  before  the  main  acceleration  and  produce  short 
wave  perturbations  for  the  Rayleigh-Taylor  instability. 


RAYLEIGH-TAYLOR  INSTABILITY  OF  LINER  EXTERNAL  SURFACE 


The  external  surface  of  accelerated  plasma  shell  is  unstable  due  to  MHD  Rayleigh-Taylor 
instability  classically  as  gradients  of  the  magnetic  field  pressure  and  plasma  density  are  in 
opposite  directions.  However  the  MHD  Rayleigh-Taylor  instability  of  multicharged  ion 
plasmas  has  special  features.  In  a  long  wavelength  limit  it  is  restricted  by  the  finite  magnetic 
sound  speed  and  in  the  short  wavelength  limit  it  is  suppressed  by  the  magnetic  field  diffusion. 

The  stability  examination  of  the  solution  (2)  for  exterior  plasma  border  under  simplifying 


^  BE  A 

condition  — r-  «  ■—  »  1  (where  perturbations  are  with  a  symbol  -  and  background  values  - 
E^B  0 

without  it )  by  linearisation  procedure  of  MHD  equations  leads  to  the  next  linear  equation  for  the 


relative  perturbation  - 


dt^ 


(Om-« 


ox  ox  at  ox  ox 


(3) 


where  is  a  wave  vector  axial  component;  A  is  the  Laplace  operator;  ,  Dj  -  operators  of 

magnetic  sound  and  ion  sound  respectively;  D  = - is  the  magnetic  field  diffusion  coefficient. 

47U(T 

For  the  short  wavelength  limit  where  there  is  the  increment  maximum  analysis  of  this  equation 

c 

is  relatively  simple  and  shows  that  the  maximum  corresponds  to  k^  ~  -^A“  >A  ',  the  main 

effect  restricting  the  increment  in  this  limit  is  the  magnetic  field  diffusion.  Estimations  for  the 
typical  liner  implosion  conditions  j3~  0.1,  A~  1mm  the  most  unstable  harmonic  has  a 

wavelength  X=27t/k~  2-h3mm  which  corresponds  to  presented  below  2D  tungsten  plasma  liner 
simulations. 

The  liner  external  surface  is  unstable  all  time  during  implosion.  This  Rayleigh-Taylor 
instability  leads  to  a  redistribution  of  masses  in  external  plasma  layers,  formation  of  bubbles  and 
spikes  and  increase  of  the  effective  liner  thickness. 


MHD  RAYLEIGH-TAYLOR  INSTABILITY  OF  LINER  INTERIOR 

The  inner  part  of  the  unperturbed  liner  is  described  asymptotically  by  distributions  (1), 
gradients  of  magnetic  field  pressure  and  plasma  density  are  in  the  same  direction  and  it  seems  to 
be  stable  with  respect  to  the  Rayleigh-Taylor  modes,  gravitation  waves  only  may  be  exited  in  it. 
Liner  implosion  simulations  closely  follow  these  notions  up  to  some  compression  degree  of  the 

liner,  but  after  it  becomes  unstable  and  the  liner  interior  is  destroyed  quickly  (see  also,  [7,9]).  It 
cannot  be  explained  by  nonlinear  development  of  bubbles  from  external  surface  as  they  have  not 
penetrated  yet  so  deep. 
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The  stability  analysis  of  the  space  and  time  dependent  solutions  (1)  in  the  frames  of  MHD 
equations  under  conditions  of  P«1  and  a  »  c//A  leads  to  the  next  linear  equation  for  the 

relative  magnetic  field  perturbation  function^  =  —e  ■'  <>=  e  "  ; 

B 


g+  g^e,(cl  +cl)- \{Dkl  - \nB,f  - ilnSo]  =  0 


where  logariphmic  derivative  is  signed  by  —  In  =  In  B^ ,  with  two  points  is  the  second  order 

at 

derivative  respectively. 

An  instability  takes  place  if  the  value  in  figured  brackets  let  us  sign  it  by  letter  A  satisfies 

to  two  conditions  A<0  and/A/>  jiDk^  -  InBi,)^  that  occurs  if  second  logarithmic  derivative  of 
Bq  by  time  is  positive  and  sufficiently  high).  The  liner  inner  part  is  unstable  if  the  applied 
magnetic  field  changes  quickly  for  example  at  the  final  stage  of  the  implosion  before  pinching 

21 

(the  current  is  almost  constant  but  radius  diminishes  and  Bq=  — ) . 

cr 

2-D  RADIATION  MHD  SIMULATION  RESULTS 


The  radiation  MHD  code  ZETA  [7,9]  was  used  for  the  complete  simulation  of  2-D 
tungsten  plasma  liner  implosion.  The  ZETA  includes  the  quasi  neutral  plasma 
magnetohydrodynamics  with  self-consistent  electromagnetic  field,  energy  exchange  between 
plasma  electrons  and  ions,  finite  conductivity,  heat  conduction,  radiation  transport  and  tables  for 
EOS,  atomic  constants,  spectral  opacities,  emissivities  and  kinetic  plasma  coefficients.  The 
radiation  transport  is  calculated  in  a  multigroup  semianalytical  self-consistent  model  both  in  LTE 
and  in  non-LTE  regimes. 

A  coupling  of  the  z-pinch  with  the  pulsed  power  generator  was  modeled  by  an  electrical 
circuit  equivalent  to  the  Z  generator  output  parameters.  During  the  liner  implosion  the  total 
current  reached  18-19  MA  depending  on  Ae  load. 

Single  shell  and  double  shell  liners  were  simulated.  The  density  of  the  liners  were 
randomly  disturbed  with  different  levels  (5%,  10% )  or  undisturbed.  Results  on  the  double  liner 
implosion  are  discussed  in  the  other  report  [9]. 

The  initial  dimensions  of  the  single  liner  are:  2cm  radius,  2cm  height  ,  shell  thickness 

1mm  with  different  masses  m=4-s^mg. 

Initial  liner  mass  perturbations  causes  instability  at  first  on  the  external  surface  of  the  liner, 
after  inside.  Linear  mass  of  the  liner  (the  mass  per  length  unit)  redistributes,  bubbles  and  spikes 
occur.  The  characteristic  liner  thickness  (thickness  averaged  by  the  liner  height)  increases  due  to 
regular  increase  in  time  of  the  skin-depth  and  due  to  instability  growth.  On  the  figure  1  the  linear 
liner  mass  in  percents  to  the  middle  one  versus  liner  length  for  different  time  moments  is 
represented.  Initial  random  mass  perturbations  was  10%  maximum  for  the  total  liner  mass 

m=4mg.  The  time  is  shown  from  the  beginning  of  the  main  voltage  pulse  at  0.1  fis..  Mass 
perturbations  start  to  growth  significantly  since  163n5  up  to  +60%  -80%  at  229ns  .  It  is 

possible  to  evaluate  the  characteristic  wavelength  of  the  most  unstable  mode  2.5mm. 

On  the  figure  2  the  dynamics  of  the  characteristic  liner  thickness 

r^pdr 

<dr>=-,  - - <r>^  (where  <r>  is  the  middle  liner  radius)  versus  time  is  shown  for  the 

V  m 

same  initial  mass.  The  thickness  without  initial  mass  perturbations  during  implosion  before 
pinching  follows  the  skin-depth.  But  with  10%  mass  perturbations  it  follows  the  skin-depth 
until  160ns,  after  it  increase  due  to  instability  at  first  linearly  until  approximately  200ns,  then 
nonlinearly  and  finally  near  220ns  pinching  on  the  axis  begins. 
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This  is  shown  on  figure  3  where  are  represented  the  spatial  distributions  of  mass  density 
at  different  time  moments.  The  external  surface  of  the  liner  is  unstable,  its  internal  surface  is 
closely  stable  up  to  compression  degree  about  of  3.  After  that  closer  to  the  axis  the  perturbations 
of  the  inner  surface  as  of  the  outer  one  increase  and  unhomogeneous  z-pinch  with  the  wide 
corona  forms.  The  unhomogeneous  z-pinch  radiates  at  maximum  238TW  which  is  more  than 
twice  lower  homogeneous  pinch. 


Figure  1.  The  relative  linear  mass  distribution  along  the  liner  length  for  different  time  moments  for  10%  initial 

mass  perturbations. 

Instability:  <dr> 


Figure  2.  Characteristic  liner  thickness  for  10%  liner  mass  initial  perturbations  -  solid  line  and  0%  -  dashed  line 

vs  liner  implosion  time. 
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time:  162.78 


time;  202.37  neec  ro 


D-0C''j57': 


c  d 

Figure  3.  The  history  of  implosion  for  the  single  liner  simulation  with  10%  initial  mass  perturbations  as 
density  isocontours  at  different  time  moments:  a  -  instability  start  162.78ns,  b  -  linear  growth  202.37ns  ,  c  - 
nonlinear  growth  and  interior  instability  220.01ns,  d  -  z-pinch  229.49ns.  The  box  for  a,  b,  c  has  2.67  cm  ,  for  d  - 
1cm  along  R  axis  and  2  cm  along  Z  axis.  For  d  -  logarithmic  scale  for  density  isocontours  is  applied.  The  initial 
positions  of  the  liner  at  R=2cm. 
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ABSTRACT 

Issues  regarding  the  generation  of  cylindrically  symmetric  dense  z-pinch  implosions 
initiated  from  multiwire  arrays  in  recent  experiments  on  the  Z  accelerator  at  Sandia 
National  Laboratories,  Albuquerque,  are  investigated  using  the  420-kA,  100-ns  XP 
pulser.  Experiments  to  study  merging  plasmas  from  adjacent  wires  utilize  2  or  more  Al, 
Ti,  Fe,  Cu,  Ni,  Mo,  Pd,  Ag,  W,  Pt  or  Au  wires  (13-^  microns  in  diameter)  separated 
by  0.1-1 -mm  with  up  to  125-kA  per  wire.  The  explosion  phase  of  the  wires  is  studied 
with  wires  carrying  at  most  a  few  kA  each  for  30-70-ns.  The  influence  of  adsorbates 
on  the  wire-generated  plasma  is  being  tested  by  comparing  results  from  initially  hot  and 
room  temperature  W  wires.  The  wire  plasmas  are  imaged  using  13-25  micron  Mo  wire, 
and  20  micron  Pd  wire,  150-200-kA  x-pinch  x-ray  backlighters  which  are  <  5  microns 
in  size  and  about  1-ns  in  duration.  Two  images  with  separations  ranging  from  5  to  20- 
ns  are  obtained  with  2-4  keV  x-rays.  Experiments  on  plasma  merging  with  2-4  wires  in 
a  linear  array  show  that  the  coronal  plasmas  which  form  around  each  wire  coalesce 
within  50-ns  into  a  dense  plasma  between  the  wires  when  the  interwire  spacing  is  less 
0.2-mm.  This  plasma  is  significantly  more  uniform  in  the  case  of  heated  wires.  For 
larger  interwire  spacings,  a  plasma  which  appears  unstable  forms  close  to  the  center  of 
the  interwire  gap.  We  have  also  found  that  the  physical  properties  of  the  wire  material 
appear  to  influence  the  rate  of  expansion  of  the  residual  wire  cores  after  initial  plasma 
formation.  For  higher  resistivity  materials  (Ti,  Fe,  Ni,  Pd,  W),  the  wire  cores  have 
expanded  to  3-5  times  the  initial  wire  diameter  by  40-50-ns  after  the  start  of  the  current 
pulse.  By  contrast,  the  expansion  factor  is  5-10  times  for  lower  resistivity  materials 
(Al,  Cu,  Ag,  Au). 


Recent  experiments  on  the  Saturn  [1]  and  Z  [2]  pulsed  power  accelerators  have  shown 
that  x-ray  peak  powers  and  total  yields  can  be  increased  enormously  from  wire-array-initiated  z- 
pinches  when  large  numbers  of  wires  in  a  cylindrical  array  are  used.  Qualitatively,  these  results 
can  be  understood  as  being  a  consequence  of  the  improved  cylindrical  symmetry  of  the 
implosion  when  the  number  of  wires  increases,  together  with  a  reduction  in  the  growth  of 
instabilities  due  to  the  reduced  current  per  wire  which  will  improve  both  azimuthal  symmetry 
and  axial  uniformity  of  individual  wire  plasmas,  although  other  explanations  are  also  possible. 
In  this  paper  we  report  results  of  experiments  which  suggest  two  ways  to  improve  the 
azimuthal  symmetry  and  axial  uniformity  of  wire-array-initiated  z-pinches:  1.)  Heating  the 
wires  to  eliminate  surface  contaminants  (adsorbed  gases,  grease,  etc.)  and  2.)  using  high 
conductivity  metals  for  the  wires,  both  of  which  we  find  experimentally  to  improve  the  apparent 
uniformity  of  plasma  formation  in  wire-initiated  z-pinches. 

The  principal  means  by  which  we  monitored  wire  initiated  z-pinch  plasmas  was  x-ray 
backlighting,  both  direct  [3]  and  monochromatic  [4],  using  one  or  two  X-pinch  plasmas  [5]  as 
the  backlighter  x-ray  source.  The  experiments  were  carried  out  using  the  400  kA,  100  ns 
(fwhm)  XP  pulsed  power  generator  at  Cornell  University,  which  is  described  elsewhere  [6]. 
Mo  and  Pd  X-pinches  were  used  as  backlighter  x-ray  sources  using  a  combination  of  Be  and  Ti 
filters  to  restrict  the  energy  range  of  the  x-rays  used  to  image  the  z-pinch  plasmas  to  3-5  keV. 
In  this  energy  range,  these  X-pinches  are  observed  to  produce  micron-scale  x-ray  source 
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points,  with  only  a  single  such  point  obtained  most  of  the  time  if  a  two-parallel  wire  array  load 
mode  of  operation  (to  be  described  shortly)  is  used  [7], 

Other  diagnostics  used  in  these  experiments  included  photoconducting  diodes  (PCDs) 
with  subnanosecond  time  resolution  used  to  monitor  the  moment  of  the  x-ray  burst  from  the  X- 
pinch  backlighter,  Rogowski  coils  to  monitor  the  current  through  different  portions  of  the 
pulsed  power  generator  load  circuit,  and  x-ray  pinhole  cameras  to  obtain  the  time  integrated 
images  of  the  X-pinch(es)  and  z-pinch(es)  in  each  pulse.  Figure  la  shows  a  sample  total 
current  trace  together  with  a  typical  PCD  pulse  from  an  X-pinch  backlighter  which  illustrates 
the  timing  of  the  backlighter  pulse  relative  to  the  start  of  the  current  trace;  it  also  shows  that 
there  is  only  a  single  x-ray  peak  that  has  a  ~  1  ns  width.  Figure  lb  illustrates  the  spatial 
resolution  of  the  direct  backlighter  method  under  good  conditions. 


X,  (ilTt 


Fig.l  Examples  Of  data  which  demonstrate  the  spatial  and  temporal  resolution  of  the  direct  backlighting 
method  using  a  Mo  X-pinch  as  the  backlighter;  a  -  typical  total  current  and  PCD  traces  showing  the  relative 
timing  of  the  backlighting  pulse  relative  to  the  start  of  the  current  trace;  b.  -  an  x-ray  shadow  image  and 
densitometer  tracing  of  a  Ni  mesh  with  wire  substructure 


b. 


Insulator 

To  power  supply  i  Anode! 


Insulator 


Object 
(wire  array) 


Cathode 


Fig.2  X-ray  backlighting  experimental  setup  with  two  loads  in  the  diode  in  parallel,  a  -  without  heating 
and  b  -  with  heating. 

Figure  2  illustrates  the  mode  of  operation  of  the  x-ray  backlighter  and  wire  array  z-pinch 
experiment  when  tungsten  wire-initiated  plasmas  were  imaged  with  and  without  heating  them  to 
a  red-hot  state  for  5-30  minutes  right  up  to  the  moment  the  high  current  pulse  was  applied.  In 
this  experimental  arrangement,  the  wire  array  load  and  the  X-pinch  were  parallel  loads  for  the 
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pulser,  and  their  separate  currents  were  measured  using  Rogowski  coils  around  the  separate 
return  current  paths  of  the  two  loads.  Figure  3  compares  the  results  obtained  using  pairs  of 
wires  with  and  without  pre-heating.  These  images  were  obtained  at  the  time  indicated  in  the 
current  trace.  For  these  pulses,  there  was  about  40-60  kA  per  wire  in  the  z-pinch.  Notice  that 
in  both  experiments,  the  W  wires  have  expanded  to  about  4  times  their  original  size.  However, 
the  dense  core  plasmas  and  the  plasma  between  the  wires  appear  to  be  more  uniform  for  the 
preheated  wires  than  for  the  wires  which  were  initially  room  temperature.  The  axial 
nonuniformities  apparently  triggered  by  the  adsorbates  and/or  grease  on  the  wire  surface 
evidently  lead  to  a  non-uniform  blowoff  of  plasma  from  the  surface.  This  plasma  between  the 
wires,  is  absorbing  some  tens  of  percent  of  the  3-5  keV  backlighter  x-rays  and  therefore  cannot 
be  composed  of  carbon  or  other  low  Z  material  but  is  most  likely  made  up  of  tungsten  from  the 
wire  itself. 


Fig.3  X-ray  shadow  image  of  two  20  /<m  W  wires,  a  -  unheated  and  b  -  heated. 

Figure  4  shows  the  experimental  geometry  used  to  compare  high  conductivity  wires 
(Al,  Cu,  Ag  and  Au)  with  comparable  Z,  lower  conductivity  wires  (Ti,  Ni,  Pd,  Pt,  W,  etc.).  In 
these  tests  two  X-pinches  were  in  parallel  as  the  inner  load,  and  the  z-pinch-generating  wires 
were  in  the  separately  monitored  return  current  channels. 


Fig.4  X-ray  backlighting  arrangement  with  two  loads  in  the  return  current  half  cylinder  circuits. 


By  using  different  X-pinch  wire  materials  (25  pm  Mo  and  Pd)  or  X-pinches  from  different  size 

wires  of  the  same  material  (17.5  pm  and  25  pm  Mo),  images  of  the  z-pinches  were  obtained  at 
two  times  separated  by  10-20  ns.  As  an  example  of  images  of  two  loads  taken  at  the  same 
instant  by  a  single  x-pinch  is  shown  in  Figure  5,  which  compares  the  dense  core  development 
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of  Cu  and  An  wires  relative  to  Ni  and  W  wires.  It  is  clear  that  not  only  do  the  Cu  and  Au  wires 
expand  more  rapidly  at  the  same  current  per  wire,  but  also  the  plasma  appears  to  be  more 
axially  uniform  with  the  two  higher  conductivity  wires.  Images  of  loads  at  two  times  in  a 
single  pulse  show  that  long  scale  length  nonuniformities  grow  more  slowly  with  the  higher 
conductivity  wires.  These  results  suggest  that  the  generation  of  azimuthally  synunetric,  axially 
uniform  cylindrical  plasmas  from  wire  arrays  will  be  more  easily  achieved  with  wires  made 
from  one  of  the  four  highest  electrical  conductivity  metals,  Al,  Cu,  Ag  and  Au,  than  with  any 
other.  We  note  that  these  results  may  have  more  to  do  with  the  way  these  metals  draw  into  fine 
wires  than  with  their  conductivities,  as  suggested  by  Rick  Spielman  [8],  but  absent  the  ability  to 
test  a  lower  conductivity  wire  material  that  draws  like  Cu,  Au,  etc.,  we  have  not  been  able 
check  out  this  hypothesis. 


48  ns 

Cu  25  (im  Ni  25  um  Au  25  |xm  W  25  |i.m 


E 

E 


Fig.5  Dense  core  expansion  comparison  between  Cu  and  Au  (1.68  and  2.2.  fiQ -cm  initial  electrical 
resistivity)  wires  relative  to  Ni  and  W  wires  (6.84  and  5.5  jaQ  -cm). 
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ABSTRACT 

In  this  paper  we  present  a  three  cavity  design  of  a  gyroklystron  at  95  GHz.  We  present 
the  design  of  the  magnetron  injection  gun  (MIG),  the  magnetic  field  coils,  and  the  three- 
cavity  microwave  circuit.  The  MIG  produces  a  500  kV,  30-70  A  small-orbit  annular  beam 
with  an  average  perpendicular-to-parallel  velocity  ratio  of  1.5  and  a  parallel  velocity  spread 
below  5%.  The  MIG  requires  a  control  anode  with  a  voltage  of  about  65  kV,  a  magnetic  com¬ 
pression  of  about  30,  and  a  cathode  loading  near  10  A/cml  The  circuit  magnetic  field  is  about 
28.7  kG.  The  microwave  circuit  has  a  first-harmonic  TEq,,  input  cavity  which  is  driven  at 
47.5  GHz,  and  second-harmonic  TEqji  buncher  and  output  cavities  which  are  resonant  at  95 
GHz.  A  peak  power  of  7.56  MW  is  obtained  with  51.6  dB  gain  and  33.6%  efficiency.  A  com¬ 
plete  description  of  the  system  is  presented  along  with  a  systematic  study  of  the  sensitivity  of 
the  device  to  parametric  variations. 


INTRODUCTION 

The  range  in  frequencies  near  95  GHz  is  currently  of  great  interest  for  radar  applications 
due  to  the  low  atmospheric  absorption.  Because  of  the  dependence  of  breakdown  on  fre¬ 
quency,  there  is  interest  to  develop  an  amplifier  for  high  energy  RF  acceleration  of  electrons 
in  W-Band.  The  power  tubes  that  are  commercially  available  at  these  frequencies  have  maxi¬ 
mum  output  powers  of  about  5  kW.  At  the  University  of  Maryland,  we  have  a  program  to 
develop  high  power  gyrotron  amplifiers  for  electron-positron  collider  applications.  We  have 
designed,  constructed,  and  tested  a  variety  of  gyroklystron  tubes,  including  a  second- 
harmonic,  two-cavity  tube  which  produced  peak  powers  above  30  MW  at  19.7  GHz  [1].  In 
this  paper  we  scale  the  19.7  GHz  tube  to  95  GHz.  The  7.5  MW  output  power  that  simulations 
predict  for  our  95  GHz  amplifier  is  three  orders  of  magnitude  above  the  current  state-of-the- 
art.  There  are  two  main  parts  to  the  system:  the  MIG  design  is  presented  in  the  next  section, 
followed  by  the  design  of  the  microwave  circuit. 


MAGNETRON  INJECTION  GUN 

The  magnetron  injection  gun  which  generates  our  injected  beam  is  shown  in  Fig.  1.  The 
gun  design  is  based  on  the  19.7  GHz  gun.  A  scaling  code  was  used  to  obtain  the  starting  di¬ 
mensions.  After  scaled,  the  design  was  adjusted  by  changing  the  boundaries  in  both  anodes 
and  cathode  until  the  required  parameters  were  obtained  with  the  minimum  velocity  spread. 
The  square  mesh  code  Egun  is  used  to  simulate  the  performance  of  the  electron  gun. 
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Fig.1  The  500  kV,  45  A  Electron  Gun  Simulation 


Two  codes  are  used  to  generate  input 
data  for  Egun.  Mesh _plt  takes  data  about  the 
gun's  boundaries  which  is  specified  by  a  set 
of  line  segments  and  arcs  and  generates  the 
gun's  actual  boundary  as  a  function  of  the 
meshes  (grid)  in  the  radial  and  axial  dimen¬ 
sions  as  required  by  Egun.  Coil  takes  the 
current  and  position  of  the  coils  (8  in  our 
case)  and  generates  the  magnetic  field  on  the 
z-axis  mesh  points.  In  order  to  run  Egun,  we 
put  together  all  the  previously  obtained  in¬ 
formation  from  the  magnetic  field  (Coil 


Axial  Location  (cm) 


output),  boundaries  (Mesh _plt  output)  and 
some  other  input  parameters  such  as  the  control  anode 
voltage  and  number  of  rays  to  be  simulated.  Egun'?,  out¬ 
put  details  the  characteristics  of  the  produced  beam 
which  we  can  see  in  Fig.l.  We  also  obtain  several  sta¬ 
tistical  beam  parameters,  for  example  the  velocity 
spread  in  the  z  direction  (AvJ,  maximum  and  average 
beam  radius,  and  average  velocity  ratio  (a). 

To  verify  the  accuracy  of  our  results,  a  numerical 
check  in  the  eode  calculations  was  done  by  varying  the 
number  of  rays  and  number  of  particles  until  conver¬ 
gence  was  found.  Accurate  results  were  obtained  when 
we  used  a  mesh  size  of  0.05  cm  (20  mesh/cm)  and  when 
we  modeled  the  beam  with  1 7  rays.  All  simulation  re¬ 
sults  presented  here  were  obtained  with  those  values. 

Our  optimal  gun  was  designed  for  the  best  results 
at  an  input  current  of  45  A.  The  parameters  of  the  gun 
and  the  results  of  the  simulation  are  summarized  in  Ta¬ 


Table  I:  Electron  gun  specifications  and 
simulated  performance. 


Emitter  radius  (cm) 

0.78 

Emitter  width  (cm) 

0.958 

Emitter  angle  (deg) 

20 

Cathode  loading  (A/cm^ 

9.58 

Cathode  magnetic  field  (G) 

900 

Cathode-anode  gap  (cm) 

2.262 

Average  velocity  ratio 

1.5 

Axial  velocity  spread  (%) 

4.69 

Average  beam  radius  (cm) 

0.163 

Peak  anode  field  (kV/cm) 

81 

Peak  cathode  field  (kV/cm) 

94 

Space-charge  current  (A) 

98 

ble  I.  The  control  voltage  required  to  produce  the  proper  velocity  ratio  was  65.1kV.  The  cath¬ 
ode  loading  is  a  little  high,  but  well  within  the  state-of-the-art  and  the  peak  electric  fields  are 
relatively  low. 

Fig.  2  shows  how  the  axial  velocity  spread  varies  with  beam  current.  As  expected,  the 


lowest  velocity  spread  is  at  45  A.  This  plot 
also  shows  how  the  control  anode  voltage 
needs  to  be  varied  to  keep  a  at  1.5.  The 
required  change  in  the  voltage  is  within  a 
range  of  ±3.5kV.  It's  important  to  notice 
that  the  Av^  remains  below  10%  for  all 
currents  from  30  A  to  65  A. 

For  the  gun  output  beam  we  are 
mainly  concerned  with  the  velocity  spread 
because  of  the  strong  dependence  of  effi¬ 
ciency  on  this  value.  The  axial  velocity 
spread  can  be  lowered  by  decreasing  the 
control  voltage  and  then  the  velocity  ratio 


Fig.  2  Dependence  of  Velocity  Spread  on  Current 


Current  (Amps) 
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Control  Voltage  (kV) 


would  be  lowered  as  well.  Lowering  the  velocity  ratio  makes  the  tube  more  stable  but  de¬ 
creases  the  efficiency.  Changing  the  control  voltage  from  58-69  kV  varies  a  from  1  to  2.  In 
our  gun  design,  these  values  are  optimized  so  that  efficiency  is  maximum  and  spread  is  mini¬ 
mum. 


MICROWAVE  CIRCUIT 

Our  amplifier  circuit  is  made  of  input,  buncher,  and  output  cavities  that  are  connected  by 
drift  regions.  The  input  cavity  interacts  at  the  first  harmonic  in  the  TEo,,  mode.  Simulations 
showed  that  a  buncher  cavity  was  necessary  in  order  to  increase  the  power  that  can  be  ex¬ 
tracted  from  the  output  cavity  at  the  second  harmonic  (TE02,).  A  picture  of  the  circuit  design 
is  shown  in  Fig.  3.  The  starting  parameters  for  the  circuit  came  from  scaling  the  input  and 
output  cavities  from  the  19.7  GHz  design  and  adding  the  buncher  cavity.  The  buncher  and 
output  cavities  have  dolph-chebychev  radial  transitions.  This  proved  in  simulations  to  mini¬ 
mize  the  mode  conversion  from  the  TE02  to  the  TEo,.  The  initial  dimensions  were  adjusted  to 
get  the  desired  first  (47.5  GHz)  and  second  harmonic  (95  GHz)  frequencies.  This  is  done  us¬ 
ing  a  simulation  code  called  Coax.  This  code  takes  for  input  the  cavity's  dimensions  and 
starting  points  for  the  frequency  and  Q  search.  It  then  iterates  the  frequency  and  Q  until  it 
finds  a  solution.  The  azimuthal  mode  is  an  input  to  the  code,  but  a  field  plotting  routine  is  re¬ 
quired  to  verify  that  the  mode  found  by  Coax  has  the  correct  radial  and  axial  mode  numbers. 

After  the  dimensions  were  modified  to  the  correct  values,  other  codes  were  run  to  get  the 
system  efficiency  for  each  cavity  individually.  These  codes  are  Hpmjgen  and  Gycoax.  They 
both  simulate  the  beam's  trajectory  in  the  three  cavities  and  the  two  drift  regions.  Hpm _gen 
takes  Coax  output  and  it  also  takes  the  output 
beam  simulation  parameters  from  Egun.  This 
code  takes  for  input  all  the  dimensions  from 
the  circuit  along  with  the  coil  locations  and 
sizes.  It  then  iterates  changing  the  electric 
field  phase  and  amplitude  to  obtain  the  high¬ 
est  efficiency.  It  outputs  the  maximum 
efficiency  and  the  required  Q  for  each  cavity. 

The  second  code  (Gycoax)  takes  a  different 
approach  to  solve  this  same  problem.  Gy- 
coax's  input  includes  the  same  information 
that  Hpmjgen  uses.  The  difference  in  this 
code  is  that  it  iterates  to  find  optimal  currents 
for  a  given  electric  field  to  get  the  highest 
efficiency.  It  outputs  these  currents,  the  efficiency  and  the  required  Q.  Rather  than  use  the 
actual  ray  data  from  Egun,  the  statistical  results  (e.g.  velocity  ratio,  axial  velocity  spread)  are 
used  as  inputs.  The  efficiency  codes  are  iterated  many  times,  changing  the  magnetic  fields, 
the  lengths  of  the  drift  regions,  and  the  lengths,  shapes,  and  quality  factors  of  the  cavities  until 
the  optimal  values  are  achieved.  Egun  and  Coax  are  rerun  as  necessary  so  that  the  simulations 
are  self-consistent.  The  dimensions  of  the  microwave  circuit  and  the  simulated  results  from 
Hpm _gen  are  given  in  Table  II.  Note  that  the  quality  factors  are  at  least  an  order  of  magnitude 
below  the  resistive  Q  of  a  copper  cavity.  That  means  that  over  90%  of  the  output  power  can 


Fig.  3  The  95  GHz  Circuit  Design 


Axial  Location  (cm) 
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be  extracted  from  the  system  and  that  the  buncher  Q  must 
be  realized  with  additional  loss  (e.g.  lossy  ceramics  [1]). 

To  assure  stability  another  code  was  used:  Qpb.  This 
code  gives  the  Q  (for  each  cavity)  below  which  the  de¬ 
vice  will  be  stable.  This  result  and  the  simulated  Q  for 
each  cavity  (given  by  Hpm_gen  and  Coax)  are  shown  in 
Fig.  4.  The  simulated  Qs  are  positioned  at  the  average 
magnetic  field  in  each  cavity.  The  system  is  clearly  seen 
to  be  stable. 

Another  important  parametric  study  is  to  see  the  re¬ 
lation  between  efficiency  and  velocity  spread.  Our  MIG 
is  predicted  to  produce  a  beam  with  4.7%.  We  can  see  in 
Fig.  5  that  the  efficiency  for  an  ideal  beam  is  over  36%. 
Note  that  this  our  design's  efficiency  is  less  than  3% 
lower  than  that  of  the  ideal  beam  and  that  the  efficiency 
remains  above  30%  up  to  velocity  spreads  of  about  6.5% 


Table  II:  Microwave  circuit  pa¬ 
rameters  and  simulated  results. 


Input  Cavity 

Drive  frequency  (GHz) 

47.5 

Operating  mode 

TEqII 

Resistive  quality  factor  (Q) 

600 

Radius  (mm) 

5.19 

Length  (mm) 

4.00 

Input  drive  power  (W) 

52 

Buncher  Cavity 


Maximum  radius  (mm) 

3.663 

Length  (mm) 

20.20 

Required  Q 

1075 

SUMMARY 


Output  Cavity 


The  three  cavity  gyroklystron  presented  in  this  paper 
is  the  first  amplifier  which  is  predicted  to  produce  more 
than  7  MW  (7.56  MW)  at  95  GHz.  This  high  power  is 
obtained  from  the  interaction  with  a  45A,  500kV  beam. 

We  also  designed  a  MIG  that  was  proven  by  simulations 
to  produce  a  high  quality  beam  with  the  necessary  char¬ 
acteristics.  Using  second  harmonic  allows  a  higher  peak 
power  since  the  beam's  size  is  increased  in  proportion  to  the  dimensions  of  the  input  cavity, 
which  interacts  with  the  beam  at  the  V'  harmonic.  This  results  in  a  very  high  gain  of  51.6  dB 
and  efficiency  of  33.6%.  In  the  future  we  hope  to  build  and  test  this  microwave  system. 


Main  section  radius  (mm) 

3.457 

Overall  length  (mm) 

23.70 

Required  Q 

1345 

Power  (MW) 

7.56 

Efficiency  (%) 

33.6 

Gain  (dB) 

51.6 

Fig.  4  The  Start  Oscillation  Threshold  Fig.  5  Dependence  of  Efficiency  on  Velocity  Spread 
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INTRODUCTION 

For  production  of  mm-radiation  with  10  GW  power  one  needs  a  few  tens  of  kAs  current 
of  IMeV  electrons  passing  through  a  generator.  Ribbon  or  sheet  E-beams  allow  one  to  reach 
this  value  of  the  current  [1].  In  the  result  of  our  investigations  at  U-2  accelerator  in  1994  this 
type  of  the  beams  with  30  kA  current  at  10  ps  duration  was  generated  and  transported  through 
the  slit  vacuum  channel  [2].  In  1996  at  this  accelerator  in  modelling  experiments  with  the 
beam  current  3-5  kA  in  a  passive  magnetic  undulator  of  4  cm  period  we  also  obtained  200 J 
energy  of  4mm  radiation  in  a  few  ps  pulse  [3]. 

The  next  step  of  investigations  was  aimed  to  reach  the  maximal  efficiency  of  the 
microwave  generation  at  a  single  mode  operation  of  the  generator.  On  this  goal  in  1997-98  we 
made  reconstruction  of  the  experimental  setup  intended  to  investigate  FEM-oscillator.  In 
order  to  increase  productivity  of  the  investigations  this  setup  was  replaced  from  the  U-2 
accelerator  to  the  U-3  one  that  was  specially  reconstructed  for  generation  of  sheet  beams. 


EXPERIMENTAL  SETUP 

Schematic  of  the  modified  experiment  that  has  been  called  "ELMI"  is  shown  in  Fig.l. 
In  differ  from  the  experiments  at  the  U-2  device  we  have  put  between  a  ribbon  diode  and  a 
slit  vacuum  channel  with  an  undulator  a  special  former  to  increase  quality  of  the  sheet  beam. 
In  this  former  with  the  length  of  0.5m  the  electron  beam  is  passing  in  a  slit  channel  which  gap 
between  graphite  walls  smoothly  decreases  down  to  4mm  and  then  increases  up  to  the  value 
10mm  that  is  equal  to  a  gap  between  walls  in  a  Bragg  resonator.  The  Bragg  resonator  is  placed 
in  an  active  imdulator  situated  in  a  vacuum  channel  with  the  inner  cross  section  of  4x25cm 
and  the  length  of  Im.  Transverse  component  of  the  undulating  magnetic  field  can  be  varied 
from  zero  up  to  2  kG  by  increasing  the  current  in  the  coils  of  the  undulator  up  to  1.6kA. 
Longitudinal  component  can  be  varied  independently  from  transverse  one  by  changing  the 
current  in  coils  wound  on  the  vacuum  channel.  The  maximal  value  of  the  longitudinal  field  is 
13  kG. 


THEORETICAL  AND  EXPERIMENTAL  RESULTS 

Regime  of  the  microwave  generation  essentially  depends  on  the  value  of  these 
components  of  the  magnetic  field  and  on  a  smoothness  of  an  increase  in  the  amplitude  of  the 
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transverse  one  at  the  entrance  of  the  undulator.  Results  of  the  computer  simulations  of  the 
beam  electron  motion  for  the  undulator  used  in  experiments,  are  presented  in  Fig.  2.  The  ratio 
of  an  amplitude  of  the  cyclotron  parasitic  harmonic  in  the  transverse  motion  of  the  electron  to 
an  amplitude  of  the  undulating  harmonic  is  shown  there  for  two  cases.  The  first  one  shows 
this  ratio  as  a  function  of  the  longitudinal  magnetic  field  at  zero  angular  spread  of 


Coils  of  guiding 
magnetic  field 


Optic  diagnostics 


Microwave  receivers 

Fig.  1.  Schematic  of  the  ELMI  experiment  at  the  U-3  accelerator. 


the  beam  electrons.  The  second  one  demonstrates  the  influence  of  the  initial  angular  spread  of 
the  electrons  on  this  ratio  at  a  certain  values  of  the  magnetic  fields.  Two  curves  in  the  both 
figures  refer  to  various  values  of  the  smoothness  of  the  undulator  field  increasing.  (The 
smoothness  is  changed  by  varying  the  current  in  the  entrance  coils  of  the  undulator  at  the 
fixed  current  in  its  homogenous  part.  The  coefficient  K  is  the  ratio  of  these  currents.)  One  can 
see  that  to  depress  the  cyclotron  harmonic  in  the  electron  motion  we  have  to  inject  into  the 
undulator  the  beam  with  the  electron  angular  spread  smaller  than  2  degrees  and  the 


B 1 1  ,kG  A0,  deg 


Fig. 2.  Ratio  of  the  amplitudes  of  the  cyclotron  and  undulating  harmonics  as  a  function  of 
the  longitudinal  magnetic  field  (a)  and  initial  angular  spread  of  the  beam  electrons  at  B I  j 
=10kG  and  B±=lkG  (b).  K=1  -circles,  K=0. 7  -squares. 
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smoothness  in  the  increase  of  the  undulating  field  has  great  importance  at  these  conditions  of 


the  experiments. 

A  planar  1-D  Bragg  resonator  is  formed  from  the  regular  waveguide  section  of 
length  /o=64cm  and  two  Bragg  reflectors  of  lengths  /,=18cm  and  4=1 0cm.  In  case  when 
the  gap  between  the  plates  is  equal  to  10  mm,  a  corrugation  period  of  the  Bragg  gratings  is 
2mm  and  a  corrugation  depth  is  0.2  mm.  These  Bragg  reflectors  provide  at  a  certain 
frequency  the  reflection  coefficients  =  0.95  and  =  0.75  correspondingly.  The  Q- 
factor  of  eigen  modes  of  such  resonator  is  3400  (See  [3]).  2-D  Bragg  resonator  is 
constructed  by  replacing  1-D  Bragg  gratings  by  two-dimensional  ones.  A  corrugation  period 
of  the  2-D  Bragg  gratings  is  3mm  and  a  corrugation  depth  is  0.3  mm.  These  2-D  gratings 
provide  mutual  scattering  of  four  partial  waves:  propagating  along  the  axis  of  the 


slit  channel  in  ±z  directions  and  having  s 

1-D  BRAGG  RESONATOR 


3.94  3.96  3.98  4.00  4.02  4.04  4.06 


field  variations  over  transverse  y-coordinate 
(the  gap  between  the  walls)  and 
propagating  in  ±x  directions  and  having  p 
field  variations  over  y  (  See  Fig.lJ.  A 
stationary  theory  shows  that  the  TM  and 
TEM  waves  for  which  Ej|  y  can  be  used  in 

such  FEE  versions  as  ubitron  with  guiding 


3.94  3.96  3.98  4.00  4.02  4.04  4.06 
WAVELENGTH (MM> 


magnetic  field  and  cyclotron  autoresonance 
maser  (CARM).  The  Q-factor  is  maximal 
for  the  lowest  modes  of  these  waves. 
Position  of  the  modes  of  the  "cold"  resonator 
for  the  cases  of  using  1-D  gratings  and  2-D 
ones  is  shown  in  Fig.  3.  It  is  seen  that  to  reach 
a  single  mode  operation  is  more  easy  in  the 


Fig.  3.  Spectra  of  eigen  modes  for  «cold» 
resonators. 


case  of  the  2-D  resonator. 

Dynamics  of  FEE  operation  with  a 
two-mirror  Bragg  resonator  was  studied  by 


use  of  a  time  domain  analysis  taking  into  consideration  the  dispersion  properties  of  the 
Bragg  reflectors  (See  [4,5]).  It  is  established  that  there  is  a  significant  difference  in  a 
process  of  growth  oscillations  in  FEEs  with  1-D  and  2-D  distributed  feedback.  In  FEE 
with  1-D  distributed  feedback  a  single-mode  oscillation  regime  is  established  at  nonlinear 
stage  of  evolution  due  to  mode  competition  mechanism  and  caused  by  electronic  mode 
selection.  In  contrast,  in  FEE  with  2-D  feedback  the  most  high-Q  mode  is  established 
from  t  =  0  and  accumulation  e.m.  energy  in  this  mode  takes  place  after  that.  Thus,  an 


electrodynamics  mode  selection  is  realised  in  this  FEE  scheme. 

The  output  for  e.m.  energy  fluxes  from  a  2-D  Bragg  resonator  is  provided  along 
four  directions:  longitudinal  and  transverse  as  well.  This  leads  to  practical  difficulties  in 
construction  of  the  FEE.  However,  the  single-directed  output  of  radiation  (both 


longitudinal  and  transverse  one)  may  be  provided  using  additional  Bragg  structures. 

The  active  undulator  with  the  plane  resonator  was  tested  with  an  operated 
current  in  the  coils  at  the  El-2  device.  For  example,  one  of  the  shorts  for  these  testing 
experiments  is  presented  in  Fig.4.  These  experiments  demonstrated  good  stable 
operation  of  the  active  undulator  in  the  band  of  the  required  field. 
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CONCLUSION 


New  installation  ELMI  intended  to  investigate  the  FEM-oscillator  with  a  sheet  beam 
has  been  created  on  the  base  of  the  reconstructed  U-3  accelerator.  For  this  installation  an 
active  plane  undulator  with  the  longitudinal  field  up  to  13kG  and  the  periodical  transverse  one 
up  to  2kG  was  manufactured  and  tested.  Two-dimensional  Bragg  resonator  to  select  a  single 
mode  of  the  radiation  was  also  made.  A  vacuum  chamber  added  to  the  exit  of  the  slit  channel 
to  prevent  influence  of  the  microwave  pulse  shortening  on  measurements  of  the  radiation 
parameters. 
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Fig4.  Signals  characterising  generation  of  the 
mm-wave  radiation  at  the  active  undulator 
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Microwave  generation  in  devices  that  depend  on  synchronization  between  an 
electron  beam  and  a  resonant  cavity  or  slow  wave  structure  can  be  disrupted  by 
changes  in  either.  Explosive-emission-driven  microwave  sources  use  plasma 
as  the  electron  source  in  the  diode.  This  plasma  is  conductive  enough  to  act  as 
the  boundary  for  both  the  applied  diode  voltage  and  the  microwave  electric 
field.  The  motion  of  this  plasma  can  effectively  change  the  dimensions  of 
either  the  electron  beam  diode  or  the  cavity  and  will  thereby  cause  resonance 
destruction.  This  shortens  the  microwave  pulse  length  Using  simple 
models  of  cathode  plasma  motion  and  plasma  speed  dependence  on  diode 
current,  we  derive  a  scaling  relation  between  microwave  power  and  microwave 
pulse  length.  This  general  model  of  the  process  predicts  that,  for  a  Child- 
Langmuir  diode,  microwave  power  falls  as  P  a  and  that  pulse  energy  falls 
as  E  oc  Therefore,  energy  efficiency  declines  as  the  pulse  length  is 

extended.  We  compare  with  data  from  magnetrons,  MILOs  and  BWOs,  with 
good  agreement.  Explosive-emission-driven  microwave  sources  are 
fundamentally  limited  by  the  speed  of  the  diode  plasma  and  can  be  improved 
by  finding  cathode  materials  that  generate  slower  plasmas. 

One  principal  cause  of  microwave  pulse  shortening  at  high  power  is  the  presence  of 
plasmas  in  the  diode  or  interaction  regions'.  Diode  plasma  is  the  root  cause  of  many 
shortening  mechanisms,  such  as  electron  beam  expansion,  detuning  of  the  resonances  uppn 
which  the  source  operation  depends,  gap  closure  m  diodes  and  beam  interception  along  its 
path.  Other  related  mechanisms  are  high  microwave  field  breakdown,  multipactor,  and  beam- 
plasma  instability.  Here  we  address  only  pulse  shortening  caused  by  plasma  expansion  in  &e 
accelerating  gap.  It  is  widely  observed  that  microwave  power  falls  as  pulse  duration 
increases,  ana  it  falls  at  a  rate  such  that  energy  in  the  pulse  falls  as  well. 

We  advance  a  general  proposition  that  all  explosive  emission  devices  will  evenhially 
be  driven  out  of  resonance  (detuned)  by  plasma  motion  which  produces  either  a  sufficiently 
large  change  in  the  dimensions  of  the  ciiode  or  a  change  in  the  dimensions  of  the  slow  wave 
structure  or  microwave  cavity.  Using  simple  models  of  cathode  plasma  motion  and  plasma 
speed  dependence  on  diode  current,  we  derive  a  scaling  relation  between  microwave  power 
and  microwave  pulse  length.  Both  the  scalings  predicted  here  and  those  observed  in 
experiments  run  counter  to  attempts  to  produce  high  energy  microwave  pulses  by  lengthening 
the  pulse:  higher  energy  will  be  obtained  in  shorter  pulses,  not  longer  pulses.  Gains  can  be 
ma(fe  by  making  the  plasma  heavier,  thereby  slowing  down  the  perturbing  plasma  effects. 


GENERAL  SCALING 

The  simplest  expression  for  output  power,  P,  from  any  microwave  source  is: 

P  =  TiVI  =  TiVjA  (1) 

with  V  and  I  the  diode  voltage  and  current,  j,  the  cathode  current  density.  A,  the  cathode 
surface  area,  and  ti  the  electronic  conversion  efficiency  at  resonance.  We  assume  that  the 
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emission  characteristics  are  represented  by  a  general  scaling  similar  to  the  Child-Langmuir 
relationship: 

V” 

J«^.  (2) 

with  d  the  AK  gap  spacing  and  n  and  /  diode  physics  dependent  exponents.  For  Child- 
Langmuir  scaling,  appropriate  for  parallel-field  linear  beam  sources,  n  =  1 .5,  1  =  2.  For 

Hotential  diodes,  such  as  for  most  vircators  and  magnetically  insulated  line  oscillators 
Os),  n  ~  1,  /  =  1 .  (Here  we  have  approximated  the  voltage  dependence  of  parapotential 
flow  as  linear,  a  good  fit  for  the  domain  of  HPM  experiments,  where  the  diode  voltage  is 
typically  between  300  kV  and  1  MeV.) 

Next  we  make  the  key  assumption  that  the  microwave  pulse  length  t  ,  is  limited  by 
plasma  expansion  across  the  accelerating  gap.  In  Figure  1  this  gap  is  in  the  radial  direction  in 
the  magnetron  and  MILO,  but  it  can  be  botn  radial  and  axial  in  the  linear  beam  sources.  In 
fact  the  radial  gap  in  linear  beam  geometty  is  usually  smaller  than  the  axial  gap,  so  it  is  crucial 
to  the  pulse  shortening  phenomenon.  When  the  plasma  expands  across  some  fraction  of  the 
gap,  resonance  is  destroyed  and  microwaves  cease.  Therefore,  the  microwave  pulse  lengdi 
scales  like  the  cathode  plasma  transit  time  across  the  gap: 

(3) 

Tp  is  the  temperature  of  the  cathode  plasma  and  mp  is  the  mass  of  the  (hottest  and  lightest)  ion 
species  which  governs  the  location  of  the  conducting  surface. 

Finally,  following  Mesyats  and  Proskurovsky'*,  we  assume  that  the  cathode  plasma 
temperature  is  derived  from  the  joule  heating  due  to  the  diode  current: 


Tp  =  lpjV)dt'«pJ^ 


(4) 


with  f)  the  cathode  plasma  resistivity.  Equation  4  should  be  considered  more  a  construct  than 
a  detailed  theoretical  model  of  the  cathode  plasma.  Here  we  simply  imagine  that  a  number  of 
different  dissipative  mechanisms  (plasma  expansion,  radiation,  electron  thermal  conduction) 
balance  the  joule  heat  flux  input  and  rapidly  establish  an  equilibrium  temperature  at  a  given 
current  density  level. 

Combining  Equations  1  and  2  and  using  Equation  4, 


n+l  n+1  „  - 

-  2n 

P  oc  ni  "  ocT^"  oc — - - 

n+l 


n 


Using  Equation  3,  the  pulse-shortening  relation  becomes: 


P  oc  T  "  . 


(5) 


(6) 


There  are  two  consequences  of  this  model.  The  first  is  that  the  fundamental  pulse 
length  dependence  on  the  square  root  of  the  plasma  ion  mass  means  pulse  lengths  can  be 
extended  at  a  given  power  by  increasing  the  plasma  ion  mass  number.  The  second 
consequence  is  that  the  microwave  pulse  energy  E,  the  product  of  power  and  pulse  length,  will 
scale  as: 

£  oc  r'" .  (7) 

In  this  model,  the  energy  in  a  pulse  does  not  rise  linearly  with  the  pulse  duration.  For 
example,  with  Child-Langmuir  scaling,  P  «  ,  and  E  oc  .  To  double  the  pulse  duration 

requires  power  be  reduced  by  a  factor  of  0.32,  and  as  a  result  energy  efficiency  decreases  by  a 
factor  of  0.64.  Clearly,  if  more  energy  per  pulse  is  the  goal,  it  doesn’t  pay  to  extend  the  pulse 
duration.  Pulse  shortening  due  to  plasma  in  the  diode  drives  seekers  of  higher  energy 
efficiencies  to  shorter  pulses. 

COMPARISON  WITH  EXPERIMENTS 
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We  have  compared  the  above  relations  with  data  by  using  measmed  exponents  in 
for  each  source  where  available  and  inserting  in  (7).  A  complete  discussion  is  in  pr^s  (IEEE 
Trans  Plas.  Sci.,  Special  Issue  on  High  Power  Microwaves,  Vol.  26,  June  1998).  Ihe  table 
shows  that  the  power  relation  with  pulse  length  is  remarkably  good  for  iriagnetrons  (figure  1) 
and  BWOs,  mixed  for  MILO.  We  know  of  no  data  for  vircators,  but  for  the  variety  of  vircator 
with  pinched  flow,  i.e.,  parapotential  flow,  the  prediction  is  a  scaling  of  2. 

Scaling  relations  for  exponent  of  power  with  pulse  length 


Source  Type 

Predicted  scaling 

Experimental  scaling 

Magnetron 

1.63 

1.68±  0.23 

MILO 

1.6 

1.24±0.18 

BWO 

1.67 

1.63 

Vircator 

2.0 

9 

The  magnetron  data  gives  essentially  Child-Langmuir  scaling,  indicating  the  cross-field  flew 
is  limited  only  by  space-charge.  This  may  be  due  the  flow  interacting  only  we^y  with  the 
microwave  fields  and  agrees  with  the  observation  that  experimental  values  of  microwave 
production  efficiency  are  typically  half  that  of  theory  and  «1  in  all  cases .  Perhaps 
microwaves  are  sufficient  to  allow  flow  across  the  gap  but  not  strong  enough  to  determine  the 
flow. 
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Figure  1.  The  maximum  attainable  microwave  pulse  length  from  relativistic  magnetrons  with  explosive  emission 
cathodes  decreases  as  the  peak  output  power  increases.  The  data  shown  are  collected  from  magnetron 
experiments  conducted  over  the  past  two  decades  at  Maxwell  Physics  International,  MIT,  NCSU,  lAP,  NRL, 
Stanford  Univ.,  Rafael,  Varian  and  T-CSF.  In  these  various  magnetron  experiments  the  microwave  power,  P, 
scales  with  the  frequency  f  and  the  pulse  length  r,  like  P~f^  and  respectively^ .  (Curves  normalized  to 

the  L-band,  80  ns,  1.2  GW  point.) 

The  increased  scatter  in  the  MILO  data  may  indicate  that  several  different  pulse 
shortening  mechanisms  are  competing.  Alternately,  choosing  only  the  maximum  power  at 
each  pulse  length  produces  an  observed  scaling  much  closer  to  the  expectation  P  «  x '  • 

The  Backward  Wave  Oscillator  (BWO)  consists  of  a  foilless  diode  that  injects  a  thin 
annular  beam  into  a  slow  wave  structure  (SWS).  The  beam  couples  to  the  microwave  fields  m 
the  SWS  most  efficiently  if  it  skims  the  wall  closely.  Cathode  plasma  expands  axially  (along 
magnetic  field  lines)  at  fairly  high  speed  and  radially  (across  field  lines)  at  lower  ^eed.  Ihe 
radial  plasma  motion  can  expand  the  beam’s  annular  width,  changing  the  BWO  coupling 
efficiency  and  therefore  changing  the  microwave  power. 

As  voltage  and  current  are  raised  to  produce  higher  power,  the  higher  currents  m  the 
diode  cause  faster  radial  plasma  expansion  and  shorter  pulses.  Equations  1,  2  and  3  should 
still  apply,  with  the  gap  in  Equation  3  the  BWO  diode’s  radial  gap.  The  foilless  diode 
operates  with  a  Child-Langmuir  characteristic,  so  the  model  predicts  p  oc  t  E  oc  t  . 
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Applying  this  to  data  from  a  3  GW  BWO  at  the  Institute  for  High  Current  Electronics 
at  Tomsk\  up  to  about  2  GW  the  scaling  is:  P  =c  t  '  corresponding  to  n  =  1.59,  which  fits  the 
Child-Langmuir  expectation  (n  =  1.5)  well.  Above  2  GW,  the  scaling  is:  P  «  t’®  ’*’.  Clearly, 
another  mechanism  (with  a  different  characteristie  sealing)  operates  at  higher  powers  and 
depresses  the  power  relative  to  the  plasma  motion  model  prediction.  RF  breakdown  is  the 
likely  eulprit.  The  exponent,  -0.50,  is  close  to  the  range  -1/2  to  -1/3  that  is  normally''  observed 
when  RF  breakdown  at  the  output  gap  limits  the  microwave  pulse  of  high  power  klystrons. 
The  data  suggest  that  the  power  saturates  in  the  experiment  of  Gunin  et.  al.  above  2  GW  when 
RF  breakdown  takes  over. 

Gunin,  et.  al.  assume  that  the  pulse  shortening  mechanism  in  their  experiment 
is  microwave  induced  explosive  emission  in  the  SWS.  At  3  GW,  the  very  high  microwave 
fields  in  the  SWS  (-1500  kV/cm)  make  the  mechanism  nlausible.  The  scaling  for  this 
mechanism,  from  Mesyats  and  Proskurovsky^  is  P  oc  ^ .  The  data  do  not  fit  such  a 
scaling.  More  observations  on  BWO’s  will  be  required  to  sort  out  the  mechanism  that  causes 
the  pulse  shortening  at  lower  powers.  Currently,  some  manifestation  of  RF  breakdown 
appears  to  limit  the  BWO  pulse  length  at  its  highest  achievable  output  power  levels. 

The  agreement  between  this  analytical  model  and  the  measurements  on  a  large  variety 
of  magnetrons  and  a  BWO  exjjeriment  supports  the  hypothesis  that  cathode  plasma  motion  is 
a  culprit  causing  pulse  shortening  observed  in  many  types  of  high  power  microwave  sources. 
An  implication  of  the  model  (Equation  6)  is  that  the  mass  of  the  material  causing  diode  gap 
closure  is  a  key  determinant  of  pulse  duration.  Three  clear  ways  to  extend  the  microwave 
pulse  duration  are:  1 .)  to  reduce  tne  plasma  temperature  by  decreasing  the  current  density,  2.) 
to  eliminate  the  plasma,  or  3.)  to  increase  the  plasma  ion  mass.  The  first  tack  leads  to  either 
large  devices  with  large  cathodes  at  moderate  impedances  or  higher  impedance  designs  that 
require  high  voltage  (>  1  MV)  in  order  to  obtain  high  power.  The  second  tack  requires  the 
development  of  high  current  density  cathodes  that  do  not  rely  on  explosive  emission.  As  for 
the  third  tack,  most  HPM  source  experiments  have  not  had  wall  cleanliness  sufficient  to 
prevent  the  plasma  formed  by  explosive  emission  from  being  determined  by  contaminants. 
The  usual  surface  layer  of  water  and  hydrocarbons  is  quickly  disassociated  into  hydrogen  and 
other  light  elements.  The  lightest,  fastest  atoms  determine  the  plasma  speed.  Therefore, 
improved  surface  conditioning  is  essential  to  lengthening  pulses.  From  Equation  6,  using 
heavier  cathode  materials  will  increase  pulse  energy.  Some  success  with  this  approach  has 
been  re^rted  with  carbon  fiber  doped  with  Cesium  Iodide®. 

The  model  of  pulse  shortening  scaling  proposed  here  agrees  remarkably  well  with  a 
variety  of  HPM  devices.  We  urge  other  workers  to  compare  their  data  with  this  model  and  to 
produce  models  of  the  other  pulse  shortening  mechanisms. 
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LOWERED  PLASMA  VELOCITY  WITH  CESIUM  lODIDE/CARBON  FIBER 
CATHODES  AT  HIGH  ELECTRIC  FIELDS* 
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We  have  demonstrated  reduced  Csl  plasma  speed  for  macroscopic  electric  fields 
of  up  to  285  kV/cm  with  cesium  iodide-coated  (Csl)  carbon  fiber  cathodes, 
sufficient  for  the  diodes  of  GW  microwave  sources.  Plasma  speeds  is  0.6  x  10^’ 
cm/sec,  3.5  times  less  than  the  bare  carbon  fiber.  The  apparatus  had  oil-free  high 
vacuum  conditions  (metal  seals  and  glass  insulator)  and  the  cathode  was  baked 
both  before  assembly  at  atmospheric  pressure  and  in  vacuum  after  assembly,  to 
temperatures  of  >600  "C.  A  residual  gas  analyzer  showed  burnout  of  the  water; 
base  pressure  was  -lO  *^  Torr.  An  unexpected  benefit  of  the  Csl  coating  is  that 
diode  current  and  voltage  traces  are  substantially  more  reproducible  than  with 
bare  carbon  fiber.  With  reduced  plasma  velocity,  Csl  cathodes  should  produce  an 
extension  of  the  HPM  pulse  length  and  an  increase  in  pulse  energy  by  a 
substantial  factor  in  sources  now  limited  by  low-Z  contaminant  cathode  plasma 
motion. 

When  explosive  emission  cathodes  are  used  in  higher  power  (>100  MW)  devices, 
microwave  pulse  shortening  can  occur  because  of  motion  of  the  cathode  plasma  at  speeds  1  to 
5x10^  cm/sec,  which  can  limit  present-day  high  power  microwave  (HPM)  sources  to  a  few 
hundred  joules.  In  previous  work'"^  introduction  of  cathodes  made  from  cesium  iodide-coated 
(Csl)  carbon  fiber  has  shown  plasma  speeds  reduced  by  factors  of  a  few  from  uncoated  carbon 
fiber,  but  previous  work  was  at  low  diode  fields  of  a  few  lO’s  of  kV/cm.  We  have  extended 
the  Csl  cathode  to  mueh  higher  fields,  such  as  occur  in  HPM  sources  of  the  GW  class. 

We  used  a  450  kV,  500  ns,  50  Q  modulator.  The  cathode  base  is  of  POCO  graphite, 
8.0  cm  diameter,  0.635  cm  thick  with  full  radius.  To  avoid  contamination,  no  cutting  fluid 
was  used  during  the  machining.  The  cathode  tip  assembly  is  made  entirely  of  components 
compatible  with  high-vacuum  operation— metals,  no  plastics.  The  region  around  the  cathode 
consists  of  the  anode  and  the  downstream  region  beyond  it.  The  anode  is  a  mesh  ot  copper 
50-mil  (0.127  cm)  wire,  80%  transmissive.  Immediately  behind  it  is  an  anode  from  an 
inactive  L-band  relativistic  magnetron,  made  of  ~300  pounds  of  stainless  steel.  A  halogen 
lamp  is  inserted  toward  the  anode  along  the  axis  from  the  downstream  end. 
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The  cathode  was  baked  both  before  assembly  at  atmospheric  pressure  and  in  vacuum 
after  assembly,  to  temperatures  of  >600  "C.  During  shooting,  which  followed  immediately, 
the  block  cooled  slowly,  due  to  the  large  thermal  inertia  of  the  300  pound  block,  so  the  diode 
region  stayed  heated.  The  residual  gas  analizer  registered  a  large  amount  of  water  when 
heating  began  and  a  steady  decline  in  water  as  the  bakeout  proceeded.  No  water  re¬ 
condensation  could  occur  on  the  cathode  surface  between  shots  or  bursts. 


We  first  conducted  a  study  of  the  bare  carbon  fiber  cathode,  then  coated  the  cathode 
and  repeated.  Diode  current  and  voltage  traces  for  the  Csl-coated  cathode  are  substantially 
more  reproducible  than  those  for  the  bare  carbon  fiber  cathode.  The  Csl  diode  is  clearly  more 
repeatable,  with  less  “hash” — short-time  fluctuations,  compared  to  bare  fiber.  With  bare 
fiber,  the  coupling  between  the  50  Q  driver  and  the  -125  Q  diode  load  varies  as  the  diode 
impedance  fluctuates.  This  matters  because  microwave  generation  depends  sensitively  on  the 
electron  beam.  Higher  levels  of  noise  in  the  flow  gives  fluctuating  microwave  power  levels. 
This  beneficial  effect  may  be  because  Csl  emits  copious  UV,  lighting  up  the  surface  much 
more  uniformly,  eliminating  jets  or  flares  of  emission. 


In  Figure  1  the  current  begins  at  -25  ns,  when  the  voltage  reaches  -290  kV  across  the 
1.4  cm  gap.  The  voltage  drops  momentarily,  loaded  by  the  beginning  of  emission,  then 
resumes  its  rise.  For  bare  carbon  fiber  the  average  value  of  this  turn-on  field  is  67  kV/cm.  For 
Csl-doped  carbon  fiber  it  is  124  kV/cm.  Previous  workers  quote  -50  kV/cm  for  Csl-doped 
carbon  fiber'  \  Previous  work  on  carbon  fiber  may  well  have  been  essentially  dominated  by 
water  and  other  volatiles  so  the  lower  turn-on  field  was  characteristic  of  the  volatiles,  not  the 
fiber. 
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Figure  1 .  V(t)  and  l(t)  for  a  Csl  shot  (tenth  in  a  burst  of  20  at  3  Hz)  on  the  left.  On  the  right 
are  the  inverse  square  root  of  perveanee  and  the  modeled  gap  vs.  time,  using  the  data  on  the 
left. 


Figure  2  shows  that  for  macroscopic  electric  fields  of  up  to  285  kV/cm,  sufficient  for 
the  diodes  of  GW  microwave  sources,  closure  speed  for  Csl  on  carbon  fiber  is  0.59±0.16 
cm/ps.  With  the  bare  carbon  fiber  the  magnitude  and  the  shot-to-shot  variation  is  much  larger 
For  bare  fiber,  closure  speed  is  2.08±0.71  cm/ps.  Note  that  the  ratio  of  speeds  is  3.5,  and  the 
la  data  spread  varies  by  a  factor  of  4.4. 
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The  ratio  of  closure  speeds  with  and  without  Csl  is  3.5.  Therefore,  we  expect  a  factor 
of  3.5  extension  of  the  pulse  duration  and  the  pulse  energy  at  high  power  with  properly 
cleaned  cesium  iodide-coated  cathodes. 

When  plasma  motion  is  the  mechanism  causing  closure  (and,  in  microwave  sources, 
shortening  the  microwave  pulse  duration): 

.  (6) 

Therefore 

^^  =  3.5^=12.25  (7) 

m  f 


Closure  Velocity  vs.  Electric  Field 
With  and  Without  Csl  Coating 


Ez  (kV/cm) 


Figure  2.  Closure  rate  with  bare  carbon  fiber  and  Csl-coated  fiber. 


where  m^  is  the  mass  of  whatever  ion  determines  the  closure  speed  with  bare  carbon  fiber. 
The  simplest  interpretation  is  that  heated  bare  fiber  still  contains  hydrogen,  so  m,  =1. 
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Therefore,  12,  and  expansion  is  evidently  governed  by  the  next  lightest,  available,  ion: 
the  earbon  from  the  fibers  or  the  substrate. 

Our  interpretation  of  the  physics  of  bare  carbon  fiber  is  that  the  lightest,  fastest  ion, 
which  determines  the  closure  speed,  is  residual  hydrogen  from  the  fiber,  probably  from 
chemisorbed  sources,  not  from  water,  most  of  which  we  boiled  off  under  vacuum.  As  a 
check,  recall  that  the  plasma  thermal  velocity  is: 


v(cm  /  i^s)  ^T(eV)  /  m  (8) 

where  m  is  the  mass  relative  to  the  proton.  Then  for  hydrogen  from  the  bare  carbon  fiber,  T= 
4  eV  gives  a  speed  of  2  cm/ps,  as  we  observe.  This  fits,  because  we  expect  such  collision- 
dominated  cathode  plasmas  to  have  temperatures  of  a  few  eV^ 

Note  we  found  that  baking  under  vacuum  removed  copious  amounts  of  water  from  the 
Csl  cathode,  which  had  already  been  baked  at  atmosphere.  Previous  workers  either  did  no 
baking  or  baked  at  atmosphere  only.  Therefore,  we  can  explain  most  of  the  work  preceding 
ours  as  basically  water-dominated. 

For  Csl-eovered  carbon  fiber,  the  hydrogen  from  the  fiber  or  the  water  is  captured  by 
the  process  of  covering  it  with  Csl.  Perhaps  the  hydrogen  is  bound  up  into  hydrogen  iodide, 
HI.  (Note  from  Figure  5  the  RGA  detects  a  molecule  with  this  mass).  This  leaves  carbon  as 
the  lightest,  fastest  ion.  To  get  the  closure  speed  of  Csl,  assume  the  temperature  remains 
about  the  same  4  eV,  insert  in  Eq.  8  the  carbon  mass,  12,  giving  0.6  cm/ps,  fitting  the 
observed  0.59  cm/ps.  (Here  we  assume  the  density  is  high  enough  to  give  rough  equivalence 
of  electron  and  ion  temperatures,  which  seems  likely  from  comparison  with  the  literature  on 
cathode  densities.) 
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INTRODUCTION 

It  is  typical  for  many  microwave  sources  that  as  the  beam  current  increases  the  device 
exhibit  successive  transitions,  first  from  self-excitation  of  constant  amplitude  oscillations  to 
automodulation,  and  then  to  chaotic  oscillations.  Such  transition  were  found  in  devises  based 
on  the  absolute  instability  of  electron  beams  (backward-wave  oscillators  (BWO)  [1,2,3],  gy- 
rotrons  [4]).  They  were  also  studied  in  devices  based  on  the  convective  instability  (traveling 
wave  amplifiers)  in  which  an  additional  feedback  providing  a  self-excitation  can  be  caused 
either  by  reflection  of  a  certain  amount  of  radiated  power  from  the  exit  (internal  feedback)  or 
by  die  external  feedback  loop  (see,  e.g.  [5]).  In  all  these  studies  the  sources  of  microwave  ra¬ 
diation  from  electron  beams  propagating  in  vacuum  were  analyzed.  The  aim  of  this  report  is 
investigation  of  plasma  influence  on  transit  to  the  chaotic  oscillations  and  spectral  character¬ 
istics  of  such  oscillations  in  the  microwave  sources  filled  with  plasma. 

The  fact  that  the  filling  of  interaction  region  of  slow  wave  structures  (SWS)  with  plasma 
can  significantly  enhance  efficiency,  power  and  bandwidth  was  predicted  theoretically  and 
observed  experimentally  in  many  papers.  However,  the  plasma  as  a  medium  with  a  large 
number  of  degrees  of  freedom  can  also  complicate  the  radiation  processes  in  these  tubes  and 
promotes  to  development  of  stochastic  processes  [6,7].  Our  study  described  below  is  devoted 
only  to  the  effect  of  the  magnetosonic  waves,  excited  in  the  plasma  due  to  the  pondermotive 
force,  on  the  dynamics  of  plasma-filled  traveling-wave  tubes. 


GENERAL  FORMALIZM 


The  initial  equations  of  the  problem  under  consideration  are,  first,  equations  of  for  exci¬ 
tation  of  the  SWS  eigen  wave  by  an  electron  beam  and,  second,  equations  which  connect 
perturbations  in  the  plasma  density  with  the  excited  wave  amplitude. 

The  effect  of  the  electromagnetic  waves  on  plasma  can  be  described  by  the  pK)ndermo- 

tive  force  =  -V  ^ ,  potential  ij/  in  external  magnetic  field  can  be  determined  [8]  as 


¥  = 


Am(o‘ 


+ 


(O 


(O  -Q! 


\E^ 


Here  o  is  the  frequency  of  TMo„  wave  with  axial  and 


transverse  E^  components  of  electric  field;  Q  is  the  electron  cyclotron  frequency.  Since  the 
Ej_  near  the  axis  is  much  less  than  E^ ,  the  second  addend  in  y/  may  be  neglected. 

Below,  we  will  assume  minority  of  the  plasma  column  radius  in  comparison  with  the  re¬ 
verse  plasma-beam  spatial  instability  increment.  In  this  case  transverse  perturbations  in 
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plasma  due  to  the  effect  of  can  be  described  by  linearized  one-fluid  magneto¬ 


hydrodynamic  equations  [9],  which  for  axially  symmetric  system  can  be  rewritten  as: 

^  (  ^{Sn)\  e^rip  1  ^ 

^'r^ry  dr  )  AmMco^  r  dr  ^  dr  ^ 


(1) 


Here,  -  is  a  plasma  density  disturbance  around  the  average  value  n^\  C^  =  I 

and  Cg  =  ylfj~M  are,  respectively,  the  Alfven  and  ion  acoustic  wave  velocities;  is  the 
plasma  electrons  temperature;  M  is  the  ion  mass. 

For  long  systems  with  plasma  column  of  a  small  radius  we  may  neglect  time  derivatives 
in  Eq.  (1).  Then,  the  reduced  equation  can  easily  be  integrated,  which  yields: 

where  {..)p  means  averaging  over  the  plasma  cross  section  . 


Equations  and  boundary  conditions  that  describe  the  plasma-beam  TWT-oscillator  op¬ 
eration  with  the  delayed  feedback  may  be  obtained  assuming  the  results  of  [10]  and  ,  for  ex¬ 
ample  [11,  12],  The  first  one  investigates  a  beam  interaction  with  non-homogeneous  plasma, 
and  in  the  second  and  third  are  shown  the  equations  that  describe  a  beam  oscillator  with  the 
delayed  feedback  operation  in  vacuum  or  homogeneous  plasma  conditions.  In  the  case  of  a 
non-homogeneity  that  comes  from  Eq.  (2),  the  following  equations  and  boundary  conditions 
take  place: 


da  da  .  ,2  1  T  d^(p  /  \ 


^(0)  =  <i?o  6[0,2;r),  [d(pl  di)\^=Q ,  a{0,T)  =  qa[^  . 


Here  r  and  ^  are  the  normalized  time  and  longitude  coordinate,  a  is  the  normalized  complex 
amplitude  of  the  high-frequency  wave,  is  a  coefficient,  that  determines  the  degree  of  the 
high-frequency  fields  influence  on  plasma  non-homogeneity.  0  is  the  normalized  delay  time, 
9  is  a  reflection  coefficient  and  is  the  normalized  length  of  the  interaction  region. 

Equations  (3)  present  the  simplest  mathematical  model  of  the  TWT  oscillator  with 
plasma-filled  SWS,  which  takes  into  account  a  non-linear  effect  of  plasma  density  variation 
under  excited  waves  action.  Description  of  this  effect  by  introduction  of  only  one  additional 
term  and  one  new  parameter  y  is  possible  due  to  selection  of  the  most  sensitive  element  of  a 
beam-wave  interaction  -  the  resonance  condition.  The  local  connection  between  plasma  den¬ 
sity  variation  and  wave  amplitude  is  possible  only  under  excitation  of  the  given  non- 
propagated  magnetosonic  waves. 


RESULTS 

In  the  absence  of  the  pondermotive  force  ( 7  =  0 ),  Eqs.  (3)  with  corresponding  boundary 
conditions  describe  the  vacuum  TWT  studied  in  [11,12].  The  behavior  of  such  systems  with 
feedback  is  similar  to  that  of  vacuum  BWO,s  studied  in  [1,2,3]  and  of  the  hyrotron  studied  in 
[4],  namely,  when  the  wave  is  amplified  after  one  pass  around  the  loop  the  system  starts  to 
oscillate.  As  q  or  4,„,  grow  and  reach  a  certain  limit,  the  constant  amplitude  oscillations  are 
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replaced  by  automodulation.  Then,  at  even  larger  q  and  ^  stochastic  oscillations  appear. 
This  general  description  is  illustrated  by  Fig.  1  in  which  the  region  of  constant  amplitude, 
automodulation  and  stochastic  oscillations  are  shown  in  plane  "reflection  coefficient  q  vs. 
normalized  length  ".  This  plot  corresponds  to  the  solution  of  Eqs.  (3)  for  7  =  0.  Note  that 
stochastic  oscillations  appear  only  in  the  regime  of  deep  saturation  in  the  process  of  beam 
electrons  debunching,  i.e.  at  rather  large  distances  >54^6.  Therefore  the  plot  shovm  in 
Fig.  1  was  started  from  =  8  where  stochasticity  appears  at  reasonably  small  q' s. 


Similar  regions  for  the  system  "with  y  «  0.1  are  shown  in  Fig.  2.  As  one  can  see,  the 
threshold  for  oscillations  (lowest  curve)  in  both  systems  is  the  same;  however,  the  region  of 
constant  amplitude  oscillations  is  much  more  narrow  than  for  7  =  0.  Because  normalized 

length  depends  on  a  beam  current  decreasing  of  a  threshold  value  of 

when  automodulation  rise  means  decreasing  of  corresponding  threshold  current  value.  This 
illustrated  the  effect  of  a  new  nonlinearity  caused  by  magnetosonic  oscillations  in  plasma  and 
can  be  explain  in  the  following  way. 

In  the  TWT-amplifier  the  term  ~  7  in  Eq.  (3)  influences  sufficiently  on  beam-wave  in¬ 
teraction  dynamics  if  7  >  1  and  may  be  neglected  if  7  « 1 .  In  the  TWT  oscillator  considered 
in  this  paper  the  role  of  this  term  is  noticeable  under  much  smaller  values  of  7 .  It  can  be  ex¬ 
plained  in  the  following  way.  The  mechanism  of  regular  or  stochastic  automodulation  ap¬ 
pearance  in  the  TWT  oscillators  is  connected  with  dependence  of  phase  of  amplified  wave  on 
wave's  amplitude  -  non-linear  phase  shift  A^(laf ).  The  third  term  in  the  first  Eq.  (3)  under 
7«1  changes  namely  this  dependence  A^(|ap).  Really,  instability  increment  Im^  de¬ 
pends  on  phase  velocity  shift  quadratically,  therefore  dependencies  |a(i^)|  for  various  7  « 1 
differ  little  (in  all  considered  below  range  of  7  variations  these  differences  do  not  exceed 
some  percents). 

Additional  phase  shift  A^  caused  by  beam-wave  interaction  is  determined  by 

C^nit 

Re^;  A^  ~  '  Re<St  .  In  opposite  to  Imdk,  Re^  is  a  linear  function  of  the  phase  veloc¬ 
ity  shift,  and  the  additional  phase  shift  caused  by  the  third  term  in  Eqs.  (3) 
A^  ~  7j  '  can  be  about  unit  even  for  7  « 1 . 

Nonlinear  phase  shift  caused  by  nonlinearity  of  beam  particles  motion  under  beam-wave 
interaction  development  is  the  main  reason  of  a  signal  stochastization  in  the  vacuum  TWT 
oscillator  [11].  Therefore  additional  phase  shift  A^  influences  namely  on  stochastization 
mechanism  and  can  change  the  value  of  threshold  current  and  radiation  spectrum. 

Now  let  us  discuss  the  radiation  spectra  in  the  presence  and  absence  of  magnetosonic  os¬ 
cillations.  In  Fig.  3  the  spectrum  of  stochastic  oscillations  is  shown  for  7  =  0,  =10, 


-701- 


0  =  10  and  q  =  0.08 .  This  spectrum  consists  of  many  isolated  spikes.  In  the  case  of  non-zero 
Y 's  the  spectrum  becomes  much  more  continuous  and  wider.  This  is  illustrated  by  Fig.  4 
where,  for  the  same  q ,  and  0  as  before,  the  spectrum  is  shown  for  /  =  0.1 . 


Fig.3 


Fig.4 


CONCLUSION 

We  have  shown  that  in  plasma-filled  microwave  sources  of  coherent  Cherenkov  radia¬ 
tion  the  radial  non-homogeneity  of  the  axial  field  of  the  EM  wave  may  cause  magnetosonic 
oscillations  in  plasma.  These  oscillations  can  be  described  by  an  additional  reactive  nonline¬ 
arity  in  the  wave  envelope  equation,  and  thus  lead  to  some  changes  in  the  phase  of  the  ampli¬ 
fied  wave.  In  traveling-wave  tubes  with  end  reflections  or  with  an  external  feedback  loop 
where  the  signal  passes  many  times  through  the  interaction  region,  this  nonlinear  effect  leads, 
first,  to  a  complication  in  the  transition  processes  in  nonstationary  regimes  which  are  ended 
by  constant  amplitude  oscillations.  Second,  this  effects  shrinks  significantly  the  regions  of 
constant  amplitude  oscillations  and  automodulation  processes.  Third,  stochastic  oscillations 
appear  at  much  smaller  values  of  the  feedback  coefficient  and  their  spectrum  is  almost  con¬ 
tinuous  while  in  the  absence  of  this  effect  the  spectrum  contains  a  large  number  of  quite  iso¬ 
lated  frequency  components. 
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Abstract 

The  results  of  analytical  and  numerical  research  of  questions  connected  with  instationarity  of  E-beam 
pump  processes  of  active  media  in  short-pulse-duration  lasers  of  VUV-range  on  excimers  of  inert  gases  are 
reported.  The  determining  influence  on  parameters  of  active  medium  regard  a  competition  of  processes  of  gas 
ionization  by  electrons  and  recombination  of  ions  and  secondary  electrons  is  shown.  The  instationary 
processes  of  accumulation  of  an  electrical  charge  owing  to  thermalization  of  beam  electrons  and  it  pour  down 
by  mpgrig  of  opposite  currents  shnnlrf  be  taken  into  account  in  subnanosecond  range  of  pulse  pump  duration. 

Introduction 

At  numerical  research  and  optimization  of  electron  beam  pumping  in  gas  lasers  with  life 
time  of  upper  laser  levels  in  tens  and  more  nanoseconds  (for  example,  excimer  lasers  on 
halides  of  inert  gases)  the  method  of  Monte-Carlo  in  stationary  approach  [1]  is  usually  applied. 
Incidentally  one  consider,  that  stationary  values  of  plasma  electron  density,  intensity  of  an 
internal  electrical  field  and  opposite  electrical  current  density  are  established  practically 
instantly,  tracing  changes  of  electron  beam  parameters.  Such  approach  was  used  at  complex 
numerical  modeling  of  large  aperture  excimer  amplifiers  for  ICF  [2]. 

At  pulse  duration,  essentially  exceeding  the  flight  time  of  beam  electrons  through  an 
active  zone,  this  approach  allows  in  quasi-stationary  approach  to  determine  spatial  - 
temporary  distributions  of  specific  pump  power  corresponding  to  running  values  of  initial 
energy  of  injected  electrons  and  beam  current  density  on  an  entrance  in  a  zone  of  interaction 
with  gas  [3].  Such  by  a  rather  simply  way  one  can  take  into  account  real  temporary 
dependencies  of  initial  energy  of  beam  electrons  and  its  current. 

In  the  given  report  the  questions  connected  with  finiteness  of  time  of  development  of 
relaxation  collision  processes  in  laser  active  media  at  pumping  its  by  an  short-pulse  electron 
beam  (all  accounts  were  curried  out  with  reference  to  argon).  The  interest  to  these  questions  is 
caused  by  attention,  which  recently  has  become  again  to  be  given  to  creation  of  VUV-gas 
lasers  based  on  the  use  excimers  of  inert  gases  as  active  media  (Xe2  -  X  =  172  nm,  Kra  -  146 
nm,  Ar2  -  126  nm)  [4].  Despite  of  the  extremely  high  requirements  to  specific  pump  power 
and  pulse  pump  duration  ,  beam  current  density  (hundreds  MW/cm^,  units  ns,  units  icA/cm 
correspondingly),  the  successes  of  modem  physics  of  excimer  lasers  [4]  and  high  current 
electronics  [5],  allow  to  hope  for  the  successful  decision  of  this  problem. 

Interaction  of  electron  beams  with  dense  gas 

It  is  possible  to  write  down  the  system  of  the  equations  describing  3 -component  medium 
(uc  -I-  n,  +  no  =  const),  arising  at  interaction  of  an  electron  beam  with  gas,  as 


dn 

(1) 

— 2_=:-divj  -Pn.n  +q  +  v|/, 

5n . 

— i- =  -divj.  -  Bn  .n  -1- q, 

(2) 

divE  =  -L-(n .  -  n  ), 

(3) 

j  =  -en  n  E, 

(4) 
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where  q=u(Wj,)I5b  /  e  -  specific  speed  of  formation  electron-ion  pairs  in  gas  at  pressure  P  by 
beam  electrons  with  energy  We  at  density  of  a  current  jb, 
o(W^ )  =  e"’  dWg  /dz  -  number  of  pairs  formed  by  fast  electron  on  unit  length  of  penetration  in 
medium  at  P  =  1, 

8-  average  energy,  spent  by  beam  electron  on  formation  one  electron-ion 
pair  with  account  of  atom  excitation, 

\\i  =  e  ’divj^  -  specific  velocity  of  beam  electron  thermalization. 

The  typical  distributions  of  velocities  of  formation  of  electron-ion  pairs  and  fast  electron 
thermalization  on  the  depth  of  penetration  of  a  homogeneous  beam  in  gas  are  given  on  fig.  1  at 
presence  of  a  strong  longitudinal  magnetic  field  (stationary  approach,  one-dimensional 
geometry).  As  it  is  possible  to  see,  the  locations  of  q/P  and  v[//P  maxima  are  dispersed  on 
depth  of  penetration;  the  maximal  velocity  of  thermalization  lies  in  area  where  the  velocity  of 
electron-ion  pair  formation  is  sufficiently  less  its  maximal  value. 

The  location  of  maximum  q/P  is  enough  well  predicted  by  the  estimated  formula  for  the 
maximal  depth  of  penetration  of  beam  electron  in  gas  [6] 

Zmax  »0,19(Y^-l)^/Py',  (6) 

where  y-  relativistic  factor  of  a  beam.  Moreover,  the  location  of  vj//P  maximum  practically 
coincides  with  z*max  »  2zn,ax  It  has  enabled  to  propose  non-stationary  0-dimentional  model 
for  analytical  research  of  interaction  of  an  electron  beam  with  gas. 

In  the  proposed  model  the  distribution  q/P  =  fi  (Pz)  of  a  kind  submitted  on  fig.l,  is 
replaced  on  homogeneous  distribution  with  depth  z  =  z*max  and  magnitude  of  specific  energy 
losses  of  fast  electrons  corresponding  to  set  condition  on  We''.  As  to  function  \|//P  =  f2/P,  in 
the  model  it  is  accepted  that  all  beam  electron  are  thermalized  on  the  depth  Zmax*  creating  a 
plane  layer  of  a  negative  charge  with  density  a,  which  partially  pours  dovra  by  means  of 
opposite  plasma  currents  je.  In  this  case  for  definition  of  an  electrical  field  instead  of  the 
Puasson  equation  (3)  it  is  possible  to  make  use  the  expression  for  field  of  the  plane  condenser 
with  thickness  z*max  and  dielectric  constant  8o  of  kind  dE/dt  =  Ob  -je)  /  £o.  In  result  we  have 


(t)E(t)- 

dt  ^  ' 


-j.(t)  =  o 


(7) 


The  equation  of  balance  of  plasma  electrons  (1)  in  the  proposed  model  has  a  following  kind 
dn  (t) 


dt 


-  +  Pn  =q 


(8) 


The  velocity  of  electron-ion  pairs  birth  can  be  defined  as  q  =  We'’  jb  /  Eez*max- 

The  system  of  the  equations  (7)  and  (8)  is  sufficient  to  estimate  the  times  of  an  establishment 

of  a  stationary  regime  at  interaction  of  high  current  electron  beam  with  dense  gas. 


Definition  of  times  of  stationary  regime  establishment 

Solving  the  system  of  equations  (8,9),  we  receive 


n  (t) 

(9) 

E(t,8)-  -6(chT)  j^(chO®d^, 

(10) 

’  ^-8(thT:XchTr'{(chy‘d5, 

(11) 

^  a/p,  a  =  epe/eo,  x  =  -  dimentionless  time. 
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Heoo  =  ^ — Jeco  =  jb  -  established  values  of  sought  parameters. 

EoVqPa/p 

On  fig.2  the  dependencies  (9-11)  are  given  at  various  values  of  parameter  6. 

The  analysis  of  these  expressions  and  its  plots  shows,  that  after  stepped  switching  the 
constant  homogeneous  plane  beam  and  reaching  by  its  front  limited  depth  of  penetration  z*max 
the  stationary  values  of  plasma  electron  density  are  established  with  characteristic  time  tn,  est « 
(q3)■”’^  So,  in  argon  at  P  =  10  atm  the  electron  density  reaches  stationary  value  for  ~  0,5  ns  at 
jb  =  1  kA/cm^;  at  increasing  of  current  density  this  time  decreases  as  pressure  -  as  (P)'\ 
As  known  this  fact  is  explained  by  competition  of  processes  of  gas  ionization  by  fast  electrons 
and  recombination  of  ions  and  secondary  electrons. 

The  establishment  of  stationary  values  of  electrical  field  intensity  and  opposite  electrical 
currents  occurs  in  more  complex  way.  At  5  <  i  (the  small  values  of  parameter  5  correspond 
high  gas  pressure  P  as  6  oc  P‘^)  the  establishment  of  stationary  values  of  E  and  je  occurs  on 
the  whole  with  the  same  time:  tE,  est  «  tj,  est  «  t„,  est-  However,  at  increasing  of  parameter  5 
(reducing  of  P)  temporal  dependencies  E*(t,8)  and  je*(t,5)  acquire  maximum,  the  location  of 
which  is  displaced  to  short  times  with  increasing  of  5.  This  fact  can  be  explained  by 
competition  of  processes,  determined  by  electron  mobility  and  charge  recombination  (8oc|ie/P). 

The  time  at  which  the  electric  field  intensity  reaches  of  maximum  value  is  determined  by 
expression  U,  max  =  (q3)■“’^arcth(l/6),  at  indicated  above  conditions  this  time  is  less  te,  est  by 
factor  of  200.  The  temporary  delay  of  a  beginning  of  the  opposite  current  determined  on  a  flex 
point  of  the  plot  ne*(T,6)  is  given  by  expression  tj,f  =  (2q  a)■“’^  At  the  same  conditions  it  come 
to  0,02  ns.  It  is  interest  to  note  that  as  unlike  dependence  E*(x,6)  the  maximal  values  of 
opposite  electrical  current  maximum  poorly  depends  on  parameter  6.  This  produces  an 
impression  about  more  fast  establishment  of  stationary  values  of  opposite  current  je  in 
comparison  with  tj,  est. 

Conclusion 

The  carried  out  researches  have  shown,  that  at  account  e-beam  pumped  active  medium  on 
excimers  of  inert  gases  the  use  of  the  stationary  approach  is  in  common  illegitimate  .  The 
further  researches  together  with  consideration  of  kinetic  processes  are  necessary  for  study  of 
influence  of  the  considered  non-stationary  processes  on  efficiency  of  short-pulse  pumping  . 

The  author  expresses  gratitude  colleagues  N.  Kalinin  and  N.  Kazachenko  for  the  help  in 
work  and  useful  discussions. 
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Fig.  1 .  Dependencies  of  specific  velocities  of  e-i  pair  formation  q  and  e-thermalization  \|/ 
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Phc.2.  Dependencies  of  the  dimentionless  parameters  of  active  medium  on  x  and  parameter  5 
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ABSTRACT 

Possibility  to  match  overmoded  periodic  slow-wave  structures  and  to  regulate  a 
resonance  factor  contribution  into  the  process  of  microwave  generators  self-excitation  is 
shown  by  means  of  a  linear  stationary  theory  methods.  It  has  been  obtained  experimentally 
that  matched  structures  use  resulted  in  a  sharp  (by  two-three  orders  of  magnitude)  drop  of 
generation  power  level. 


INTRODUCTION 

Experimental  and  theoretical  investigations  [1,2]  have  shown  that  in  the  absence  of 
matching  in  the  frequency  region  near  the  u-type  of  TMoi-mode,  periodic  slow- wave 
structures  (SWS)  of  a  finite  length  have  the  properties  of  distributed  resonators  inside  which 
the  circuits  of  internal  back  coupling  can  form  effectively  that  promotes  the  self-excitation  of 
microwave  devices  based  on  such  structures.  Recent  detailed  experimental  and  theoretical 
investigations  [3-7]  of  interaction  process  of  electron  beam  and  fields  of  overmoded  one-  and 
two-section  SWS  at  the  frequencies  near  the  rr-type  of  TMoi-mode  has  confirmed  once  more 
the  importance  of  a  resonance  factor  at  self-excitation  of  microwave  generators  on  the  basis  of 
mismatched  SWS. 

In  the  given  paper,  the  results  of  numerical 
and  experimental  investigations  of  possibility  to 
decrease  essentially  a  resonance  factor  part  by 
introducing  matching  at  the  SWS  ends  are 
presented.  Instead  of  a  widely  used 
introduction  of  additional  periodical 
nonuniformities  with  decaying  heigth  it  is 
suggested  to  select  the  gap  value  d^^do  between 
the  nonuniformities  on  the  SWS  ends  (Fig.l). 

The  effect  obtained  is  analogous  to  the  optics 
elucidation  well-known  in  physics  and  can  find 
an  application  in  the  microwave  region.  More 
detailed  information  can  be  found  in  [8]. 
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Fig.  1 .  A  model  of  an  overmoded  periodical 

slow-wave  structure  of  the  radius  R,  period  I 
and  length  do  and  d  are  values  of  gap 
inside  SWS  and  on  its  ends,  respectively. 


RESULTS  OF  NUMERICAL  INVESTIGATIONS 

Numerical  investigations  were  carried  out  by  means  of  methods  of  a  linear  stationary 
theory  [9],  in  which  only  axial-symmetrical  structures  and  TM-type  fields  are  considered.  In 
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the  absence  of  matching,  overmoded  one-section  periodical  SWS  in  the  frequency  region  near 
the  TT-type  of  TMoi-mode  have  strongly  pronounced  resonance  properties  [3-5],  which  are 
convenient  to  be  studied  by  means  of  transmission  coefficient  T(A,)  dependencies  (here  X  is 
the  radiation  wavelength  in  free  space).  Fig.2  presents  the  calculation  results  of  such  depen¬ 


dence  for  the  case  of  setting  the  initial 
power  flow  of  TMoi-mode  of  a  smooth 
waveguide  at  the  input  of  an  overmoded 
SWS  (2R/A,«4)  containing  17 
nonuniformities.  In  case  of  a  uniform 
SWS  (when  d=do  and  Lsws“17/)  a  number 
of  maxima  of  transmission  coefficient 
related  to  the  excitation  of  longitudinal 
resonances  of  TMoi,n-type  along  the 
length  of  the  mismatched  SWS  is  seen  on 
the  dependence  T(A,)  (curve  1  on  Fig.2). 

As  it  follows  from  calculations, 
change  of  the  value  of  the  end  gaps  d 
(T^^do)  results  in  a  strong  transformation  of 
resonance  properties  of  the  SWS  under 
consideration  and,  particular,  in  the 
possibility  of  their  effective  matching 
with  the  input  and  output  waveguide 


3,1  3,2  3,3  3,4 


Fig.2.  Dependencies  of  a  transmission  coefficient  T 
on  the  radiation  wavelength  K  near  the  n-type 
of  TMoi-mode  for  uniform  (curve  1)  and 
nonuniform  (2-4)  slow-wave  structures. 


parts.  Decrease  of  the  value  d  (<  do)  results  in  gradual  smoothing  of  the  dependence  T(?^) 
(curve  2)  which  acquires  the  most  smoothed  view  at  a  certain  optimal  value  of  the  gap  d=d' 
(«do/2,  curve  3).  It  can  be  supposed  that  in  this  case  end  nonuniformities  have  the  part  of 
matching  quarter- wave  transformers  [10]  for  a  surface  field  part  transfered  by  TMoi-wave  of  a 
SWS.  Further  decrease  of  the  value  d  (<  d')  again  increases  the  SWS  mismatch  (curve  4). 

When  a  hollow  relativistic  electron  beam  propagates  near  the  surface  of  SWS  under 
consideration,  a  possibility  of  their  self-excitation  appears.  Calculations  in  the  approximation 
of  an  infinite  magnetic  field  have  shown  that  at  the  diode  voltage  Ud  =1,0  MV  and  electron 
beam  current  Ib=10  kA,  self-excitation  of  a  uniform  SWS  (d=do)  becomes  possible  only  at  the 
lengths  Lsws^l5/  and  similar  to  [4,5]  is  realized  at  the  frequency  of  the  first  from  rr-type 
“hof  ’  longitudinal  resonance.  With  the 


increase  of  number  of  periods  of  a 
uniform  SWS  (>  15/  )  wavelength  of 
its  self-excitation  changes  weakly,  but 
starting  current  decreases  quickly  and 
at  the  length  Lsws=17/  achieves  the 
value  «Ib/2. 

Further,  for  SWS  with  fixed 
number  of  nonuniformities,  influence 
of  the  gap  value  d  of  the  wavelength 
and  generation  starting  current  of  the 
given  device  has  been  studied.  The 
results  of  such  study  for  the  SWS 
containing  17  nonuniformities  are 


0,0  0,2  0,4  0,6  0,8  1,0  1,2  1,4  1,6 


Fig. 3.  Wavelength  X  and  starting  current  I,,  of  the  device 
generation  versus  value  d  of  the  end  gaps;  Ib  is  the 
value  of  the  electron  beam  operating  current. 


presented  on  Fig.3.  One  can  see  that 
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the  most  essential  changes  take  place  at  the  decrease  of  the  gap  value  d  (<  do  )  when  the 
starting  current  sharply  increases  from  its  initial  (at  d=do)  value  l“  achieving  maximum  value 

>  2Ib  at  a  certain  d=d"  (»do/3).  Further  decrease  of  the  gap  d  (<  d")  results  in  decay  of  the 
starting  current  value  to  the  ones  <  Ib.  Such  behaviour  of  the  starting  current  allows  to  mark 
out  an  interval  A  of  the  gaps  d  values  at  which  starting  current  exceeds  its  operating  value  Ib 
and,  hence,  self-excitation  of  the  given  SWS  is  impossible.  Thereby,  possibility  to  regulate 
resonance  mechanism  contribution  into  the  self-excitation  process  of  the  studied  microwave 
device  appears. 

When  matching  the  SWS  under 
consideration,  an  essential  electromagnetic  field 
redistribution  in  the  whole  generator  volume 
takes  place.  In  particular,  it  is  seen  from 
consideration  of  the  transverse  structure  of  the 
longitudinal  field  normalized  amplitude  in  the 
internal  SWS  cross-section  (Fig.4),  that  at 
transition  from  the  case  d=do  (curve  1)  to  the  case 
d=d"  (curve  2),  a  sharp  amplitude  decrease  of  the 
surface  field  part  occurs.  At  the  same  time  the 
content  of  the  highest  modes  (TMo2-^TMo4)  in  the 
output  radiation  of  the  device  being  increased 
from  30  to  50  %. 
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Fig.4.  Transverse  structures  of  a  normalized 
amplitude  of  a  longitudinal  electrical 
field  inside  the  devices  based  on  the 
mismatched  (1)  and  matched  (2) 
slow-wave  structures. 


RESULTS  OF  EXPERIMENTAL  INVESTIGATIONS 


The  experiments  were  carried  out 
at  the  SINUS-7M  accelerator.  A  hollow 
relativistic  electron  beam  was  formed  in 
a  coaxial  diode  with  magnetic  insulation 
and  transported  in  a  guiding  magnetic 
field  with  induction  value  B»^10  kG. 
Voltage  pulse  with  the  amplitude  of 
«1,0  MV  and  duration  of  »40  ns  was 
applied  to  the  diode.  Electron  beam 
current  was  Ib«10  kA.  Radiation  power 
was  determined  by  the  pattern  measured 
in  the  atmosphere. 

Searches  of  the  starting  length  in 
case  of  a  uniform  slow-wave  structure 
(d=do)  have  shown  that  generation  with 
the  wavelength  X~3,3  cm  is  observed 
only  at  the  SWS  length  Lsws  ^  15/  that 
is  in  good  agreement  with  the  linear 
theory  calculations.  Black  circles  in 
Fig. 5a  indicate  the  result  of  the  pattern 
measurements  typical  of  the  case  of 
generation  of  the  devices  on  the  SWS 
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Fig.5.  Measured  radiation  patterns  of  microwave 

generators  with  mismatched  (a)  and  matched  (b) 
slow-wave  structures. 
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basis  with  the  length  equal  to  15/  (16/)  and  characteristic  of  radiation  on  the  TMoi-mode;  the 
power  obtained  was  equal  to  «20  MW  (80  MW)  at  the  efficiency  «  0,2  %  (0,8  %). 

Later  on,  experiments  with  a  device  based  on  the  SWS  containing  17  nonuniformities 
and  with  a  suggested  optimal  matching  at  the  ends  (d=d")  were  carried  out.  In  spite  of  the 
theory  results  in  this  case  very  weak  generation  by  power  «  90  kW  (at  the  efficiency 
0,001%)  was  still  observed  at  the  same  wavelength.  The  pattern  (Fig.Sb)  was  characterized  by 
the  appearance  of  a  power  sidelobe  that  correlates  good  with  predictions  of  the  theory  about 
increase  of  the  content  of  the  highest  modes  in  the  matched  generator  output  radiation.  The 
analogous  results  have  been  also  obtained  for  SWS  with  18  nonuniformities  though  the  power 
level  observed  was  already  more  essential  (»1,3  MW),  that  can  be  explained  by  using  of 
nonoptimal  in  this  case  the  same  value  of  end  gaps  d=d"  [8]. 


CONCLUSION 

As  a  result  of  numerical  investigations  it  has  been  shown  that  by  means  of  selection  of 
the  gap  values  at  both  ends  of  overmoded  periodical  structure  one  succeeded  in  obtaining  its 
effective  matching  with  the  input  and  output  waveguide  parts  in  the  wavelength  region  near 
the  7i-type.  As  the  result  essential  increase  of  generation  starting  condition  and  field 
redistribution  by  the  microwave  device  cross-section  accompanied  by  the  decrease  of  its 
surface  component  and  increase  of  the  highest  mode  contents  are  occur.  It  has  been  shown 
experimentally  that  the  use  of  the  suggested  slow-wave  structure  matching  results  in  sharp 
decrease  of  generation  power  level  of  the  studied  microwave  device  (by  two-three  orders  of 
magnitude)  and  appearance  of  additional  sidelobe  in  the  output  radiation  pattern.  The  results 
of  the  investigations  that  have  been  carried  out  allowed  to  draw  a  conclusion  that  at  SWS 
lengths  higher  than/or  the  order  that  the  starting  one,  resonance  mechanism  made  the  main 
contribution  into  the  Cerenkov  microwave  device  self-excitation  and  operation  in  the 
frequency  region  near  the  7t-type. 
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At  present,  various  powerful  microwave  devices  capable  of  generating  microwave  pulses 
of  nanosecond  duration  and  with  a  power  of  several  gigawatts  are  constructed  on  the  basis  of 
high-current  electron  accelerators  with  energy  on  the  order  of  several  megaelectronvolts  [1]. 
These  generators  are  on  major  interest  for  high-resolution  radio  detecting  and  ranging  [2], 
designing  charged-particle  accelerators  of  super-high  energies  [3],  and  for  solving  a  number  of 
problems  of  pulsed  microwave  power  engineering  [4,  5],  For  all  these  regions  of  application  of 
the  microwave  technique,  one  of  the  important  problems  is  increasing  the  pulsed  power.  A 
goal  of  the  present  study  is  to  determine  the  maximum  microwave  power  that  can  be  generated 
in  a  certain  relativistic  microwave  generator  and  to  clarify  the  dependence  of  the  power  on 
both  parameters  of  high-current  electron  accelerators  used  and  the  type  of  a  microwave 
generator. 

Thus,  let  the  high-current  electron  beam  with  a  kinetic  energy  =  mc^(/-l)  enter  a 
certain  resonance  cavity.  As  a  result  of  high-frequency  instabihties,  an  initially  unmodulated 
electron  beam  is  split  into  separate  clusters,  which  is  a  direct  reason  for  the  appearance 
coherent  microwave  oscillations.  Provided  that  the  amplitude  of  the  generated  noicrowave 
oscillations  is  sufficiently  high,  this  microwave  field  decelerating  the  electron  beam  can 
substantially  affect  the  motion  of  electrons,  resulting  ultimately  in  stopping  the  electron  beam. 
Such  a  situation,  apparently,  defines  the  maximum  power  that  can  he  generated  in  a  given 
microwave  device.  Here,  we  can  consider  this  situation  in  more  detail.  We  can  write  out  the 
e?q)ression  for  the  change  in  the  energy  of  the  electron  beam  with  allowance  for  the  effect  of 
the  generated  microwave  power  in  the  following  form: 


dt 


(1) 


or 


dS,= 


ed((p  ^-(p  (2) 

where  and  are  the  external-field  and  induced  potentials  that  are  defined  by  the  electron- 
beam  energy  and  by  the  level  of  generated  power,  respectively;  Eg^=  9 ex^  ~  ~ 

and  V  is  the  velocity  of  electrons.  It  is  shown  in  [6]  that  the  particle  motion  in  alternating  fields 
(vdiich  vary  with  the  frequency  co)  can  be  described  in  terms  of  the  potential 


(Pkf  = 


eEl 

4mQ)^ 


,  where  Eq  is  the  amplitude  of  the  induced  electric  field.  Taking  into  account  that 


<Pir,d  =  <Phf  and  (Pi„^ 


mc^{y  -1) 


where  are  able  to  show  that  the  maximum 


me 
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generated  power  can  be  determined  from  the  expression  £h.  =e  -  (p.^^ )  =  0,  or 


me"  (X-l)  =  -j^  (3) 

4mo) 

The  latter  expression  can  be  transformed  in  the  following  manner.  As  is  well  known, 
generated  microwave  power  can  be  expressed  through  the  Poynting's  vector 

w„,=-§-\m‘]ds',  (4) 

where  it  is  necessary  to  perform  the  integration  over  the  area  of  the  radiating  hole.  Therefore, 
expression  (3)  can  be  written  in  the  form 


me"  (y  -1)  = 


'  iTre"^  Wrad 

^meo) ")  a  S 


(5) 


or 


Here 


1  m"e^  . 

Wrad= - —  a(y  -I  )k  S. 

In  e 

j[EH*]r/y 


(6) 


is  a  certain  dimensionless  coefficient  depending  on  the  type  of  the  microwave  generator  used, 
on  the  types  of  oscillations  being  excited  in  it,  and  also  on  the  shape  and  the  position  of  the 
hole  for  extracting  the  energy,  while  k  -  cole  is  the  wave  number.  The  quantity  m'^c^le^  has  the 
dimensional  representation  of  power  and  is  equal  to  8.5  GW.  Therefore,  introducing  the 
notation  =  m^c^le^  it  is  possible  to  rewrite  formula  (6)  in  the  following  form: 


Kad  =ccir-i)--^  =  2^a(r-\)-^w„  (7) 

ZTT  ?C 

where  'k  is  the  wavelength  of  the  oscillations  generated.  For  example,  if  a  cylindrical  cavity,  in 
which  a  Eqjj  wave  is  excited,  is  chosen  as  a  generating  object,  and  the  energy  is  extracted  in 
the  axial  direction,  then 

_  My"  (2.405)  0.21 kk^ 

k"-k^  ~k"-k"/ 

where  k^  =  tc/L  is  the  zth  wave-vector  component,  L  is  the  cavity  height,  and  J,(x)  is  the  Bessel 
function  of  the  first  order.  For  the  most  acceptable  parameters,  a  «  0.2  -  03,  and  therefore 
^rad~  (y  ~  l)iSfVyk^.  This  imphes  that,  in  the  case  of  exciting  the  basic  form  of  oscillations, 
S~k^  and 


(8) 

y  +1 

It  follows  fi'om  this  formula  that,  similar  to  the  fact  that  the  AUven  current  —  meVe  = 
17  kA  defines  the  value  of  the  limiting  current,  the  quantity  fVj  =  m^e^le^^  8.5  GW  defines  the 
limiting  power  generated  in  powerful  microwave  facilities.  In  the  first  case,  1^  defines  the  value 
of  the  emrent  for  which  its  own  axial  magnetic  field  essentially  influences  the  motion  of 
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particles  causing  the  curving  of  their  initial  trajectories.  Similarly,  in  the  second  case,  fV^ 
defines  the  generated  microwave  power  for  which  the  induced  voltage  is  comparable  to  that  of 
high-voltage  generators  used  for  acceleration  of  charged  particles. 

Thus,  the  limiting  power  that  can  be  generated  in  powerful  microwave-generator  facilities 
based  on  high-cunent  electron  accelerators  is  con^arable  to  ^  8.5  GW  and  depends 
insignifcantly  on  the  type  of  microwave  generator.  This  fact  explains  the  unsuccessful  atterupts 
to  surpass  this  level  in  modem  powerful  microwave  generators. 

As  follows  fi'om  formula  (7),  a  substantial  increase  of  generated  microwave  power  can  be 
attained  by  either  increasing  the  energy  of  the  particles  used  or  exciting  in  the  system 
oscillations  of  the  highest  types,  as  in  many-wave  Cherenkov  generators,  or  vircators,  in  which 
realization  of  the  inequahty  S»X^  is  possible.  Experimental  results  on  the  generation  of  super¬ 
power  microwave  oscillations  obtained  at  the  most  powerful  Aurora  accelerator  (y  =  17,  W= 
40  GW)  and  in  many-vave  Cherenkov  generators  (fV-  10  GW)  confirm  this  conclusion. 
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l.INTRODUCTION 

M.J. Arman  presented  a  new  low  impedance  HPM  source  -Radial  Acceletront^],it  has 
the  following  new  characteristics:(l)  There  are  very  high  harmonic  currents  in  the  de¬ 
vice  because  it  combines  the  oscillator  and  the  diode  into  one;(2)The  impedance  of  the 
diode  is  very  low  due  to  being  coaxial, thus  allowing  larger  input  and  output  powers.  We 
try  to  make  two  improvements  for  the  device:(l)  Add  a  accelerating  section  after  the 
diode/  oscillator, make  the  bunched  beam  to  be  accelerated  again, then  extract  the  radia¬ 
tion  emitted  by  the  bunched  and  postaccelerated  beam  in  the  extraction  cavity.Therefore 
one  can  not  ony  raise  the  power  and  conversion  effiency  of  the  beam,but  also  select  output 
frequency  of  the  waves. While  in  the  Radial  Acceletron,  the  conversion  efficiency  is  not 
high  enough,and  the  output  frequency  can  not  be  tuned;(2)  Change  the  radial  accelera¬ 
tion  to  axial  acceleration. In  the  configuration  of  radial  outward  twice  acceleration, radius 
of  the  cavity  should  be  very  large  ,and  the  field  and  beam  in  it  are  divergence;In  the 
configuration  of  radial  inward  accelaration,the  power  capacity  is  very  small;  While  the 
new  configuration  of  axially  twice  acceleration  does  not  have  these  problems. The  Coax¬ 
ial  axially  twice  acceletron  needs  no  maganetic  guide  field  like  the  Super-Reltron.But  its 
modulation  cavity  is  TTO  rather  than  SCO,  and  compared  to  SCO,  it  is  not  easy  to  be 
breakdown  due  to  its  larger  power  capacity  and  the  bunching  of  the  beam  is  much  better 
because  of  the  combining  of  the  oscillator  with  the  diode. 


2.BEAM  BUNCHING  IN  THE  DIODE/OSCILLATOR 

The  conceptual  diagram  of  the  Coaxial  axially  twice  acceletron  is  shown  in  Fig.l. 


accelerating  gap 


(li.Kk'modnlalioii  output  cavily 

cavitv(‘I"r()) 

!''ig  1 .  Coaxial  tixially  twice  acceletron 


Its  microwave  generation  is  based  on  the  principle  of  the  transit  time  oscillator{TTO): 
when  the  transit  time  of  the  electron  in  the  oscillator  exceeds  the  oscillating  period  of  the 
wave,it  will  emit  radiation.  We  will  study  the  bunching  and  radiation  of  the  beam  in  the 
diode/oscillator  at  first. 
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2.1.FORM  OF  THE  FIELD  INTERACTING  WITH  THE  BEAM 

In  the  coaxial  diode/oscillator  with  standing  RF  waves, the  beam  interacts  with  the 
waves  to  generate  radiation  and  bunching  .Asssume  only  one  mode  resonate  with  the 
beam, the  form  of  its  electromaganetic  field  then  can  be  written  as^^l 

=  [Ep^{r,z)t{z,t)  +  E^cz{r,z,t)]e~"‘^*^  +  c.c  (1) 


where  Ep^{r,z)  =  far{r)cos{jai'z)  is  the  z  direction  component  of  the  eigenmode  of  the 
diode/oscillator;/ai*  is  a  linear  combination  of  Bessel  functions  determined  by  the  radial 
boundary  conditions,  7a/*is  determined  by  the  axial  boundary  conditions,  7a/*  = 
the  definite  axial  wave  number;e(z,f)  is  the  slow  varying  complex  amplitude  of  the  field; 
EtczifiZjt)  is  the  z  direction  component  of  the  space  charge  wave  field  on  the  electron 
beam, it  can  be  expressed  as 


E, 


2  2 

1  _  _ _ _ h - 

i  -  .7/ . \i  ..  I  .  .\2 


(2) 


Where  is  the  plasma  frequency  of  the  beam,  and  7  are,respectively,the 

axial  velocity  and  the  relativistic  factor  of  the  electron,a;  is  the  frequency  of  the  wave.The 
components  Epr  and  Bpg  of  the  field  can  be  found  from  the  source  free  Maxwell’s  equations. 
Substituting  (2)  into(l),we  obtain 

El^  =  (SEp,{r,z)e{z,t)e-''^^  + c.c  (3) 


-  _ _ 

7^(7al*‘'z-‘*’)^  7^(7a(<l'z+‘^)^ 

Equation  (3)  is  the  form  of  the  wave  field  interacting  with  the  beam. 


2.2.BEAM  BUNCHING  CAUSED  BY  THE  EXPONENTIAL  GROWING 
FIELD 


Assume  the  voltage  of  the  diode  is  relatively  low, one  can  make  nonrelativistic  approxi¬ 
mation  on  the  motion  of  the  electrons, and  assume  E^^  <C  El^  in  the  mode  resonating  with 
the  electrons, that  is  ,only  the  axial  motion  of  the  electrons  will  be  considered. Before  the 
radiation  reaches  saturation, E’®  >  El^ , so  the  velocity  and  time  of  the  electrons  traval- 
ing  from  cathode  to  anode  is  determined  mainly  by  the  static  electric  field  E*®. Their 
expressions  can  be  written  as  _ 


l2md 

1^' 


l2\e\V 

md 


T  — 


2m 

Ru 


(5) 


(6) 


where  V  is  the  voltage  on  the  anode  of  the  diode,d  is  the  distance  between  the  cathode 
and  the  anode(or  the  length  of  the  resonator)  and  r  is  the  total  time  of  the  electrons 
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traveling  from  the  cathode  to  anode. 

Beam  bunching  is  that  the  velocity  changes  of  the  electrons  caussed  by  the  RF  field 
lead  to  the  phase  modulation  of  the  electrons. In  the  exponetial  growth  regime, when  the 
beam  travels  from  the  cathode  to  the  anode, the  amplitude  of  the  phase  modulation  of  the 
electrons  can  be  calculated  from  the  following  equations 


ujt  =  uIq  4-  u 


/■*  dz 

dz  r 

/  -  «  Utn  +  UJ 

/ - 

o 

Jo  Jo 

dz 


(7) 


W  r  fai-{r)cos{^ai>z)e{z,t)  . 

-  /  azi - e  »  +  c.c 

m  Jo  j/f 


(8) 


Where  to  is  the  Lagrangian  time  coordinate  of  the  electrons. The  third  term  on  the  right 
side  of  Equation  (7)  is  the  modulated  phase  of  the  electron  at  the  coordinate  z,It  is  marked 
as 


Ad 


=./■ 


dz 


(9) 


Assume  that  the  beam  is  a  thin  ring  and  its  pulse  length  is  much  longer,  and  the  RF  field 
is  in  the  exponential  growth  ragime  of  the  steady  state,i.e. 


£(z,()  =  tW  =  |£o|e''‘+‘*‘'  (10) 

where  F  and  (f)i  are  the  growth  rate  of  the  amplitude  and  the  phase  of  the  electromagnetic 
field  respectively. 

Substituting  (5), (8)  and  (10)  into  (9), we  obtain  the  amplitude  of  the  modulation  phase 
Ad  of  the  electrons  when  they  travel  from  the  cathode  to  the  anode. 

Ad  — —[Ficosu)to F2Sin(joi(^  (11) 


dzi-~{c0s[{(j)i  +  ')al')zi 
y/Z\ 


+ 


I 


(12) 


Fi 


dzi-^^{sin[{(i)i  +  ■yal’)zi 


+  sm[(<;ii)i  -  7„,.)2i 


t 


(13) 


.  ^  ^/l|£ol/.l-(r£) 

2\/S(f)‘ 

Equations  (11)-(14)  show  that  the  amplitude  of  the  modulation  phase  of  the  electrons 
increases  rapidly  as  the  distance  d  between  the  anode  and  cathode  is  enlarged(A0  ~ 
d^e*’‘^),but  decreases  as  the  voltage  V  of  the  diode  is  riscd  {Ad  ~  V~i). 
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The  harmonic  component  of  the  modulation  current  of  the  electron  beam  can  be  de¬ 
rived  from  its  modulation  phaset^h 

=  -|eK;/.(<iK^.V,(F,)(-l)'+V,+„(Fj)+c.c  (15) 

I 

The  fundamental  mode  of  the  radiation  is  generated  by  the  first  harmonic  current, which 
can  be  obtained  from  the  Equation  (15)  above 

^  =  2Jo(F.)J,(Fj)  +  2MF,)[Ji{F,)  -  MFi)\  (16) 

where  /,o  =  le|noi^*(d)5b  is  the  direct  current  of  the  beam  reaching  the  anode; is  the 
first  kind  of  Bessel  function  with  order  n. 


2.3.BEAM  BUNCHING  CAUSED  BY  THE  SATURATION  FIELD 


Every  time  each  electron  group  transits  the  diode/resonator, the  wave  will  be  amplified 
once.The  transit  time  r  of  the  electron  group  from  the  cathode  to  the  anode, for  the  pa¬ 
rameters  given  in  the  reference[l], equals  0.24ns. If  the  work  time  tc  of  the  diode/resonator 
equals  200ns,then  the  wave  amplification  times  N  will  he  N  =  ^  =  833. The  quality  factor 
Q  of  the  diode/resonator  is  relatively  small(the  impedance  is  lower  due  to  the  coaxial 
structure), but  it  allows  higher  injection  current,  thereto  re  the  radiation  can  still  start  up 
and  reach  saturation. 

When  the  radiation  field  in  the  diode/resonator  reaches  saturation, the  emition  and 
bunching  of  the  electron  group  will  show  new  phenomena. the  saturation  condition  is 

|£('|  >  £•'  (17) 


The  relation  between  the  current  and  voltage  of  the  diode, according  the  reference[3],is 


3 

aV^  nonrelativistic 
bV  ultrarelativistic 


(18) 


where  Iq  is  the  current  emitted  by  the  cathode  far  from  saturation. If  we  make  the  system 
operate  at  \El^\  =  E'®,then  the  current  emitted  at  saturation  Iq  can  be  written  as 

0  Ej-^in  the  opposite  direction  withE'® 

2.8/^  e;^  in  the  same  direction  withE'®, nonrelativistic  (19) 

2/'  e;!  in  the  same  direction  with  E'®,unltrarelativistic 

At  saturation  electron  emitting  on  the  cathode  is  completely  controlled  by  rf  field  with 
the  period  T, therefore  the  cathode  emits  electron  bunches  one  by  one  with  period  T.The 
emitted  current  can  be  written  as 

OO 

I{t)  =  nTj2Kt±nT)  (20) 

71=0 
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(21) 


Here  T  =  ^.Making  Fourier  expansion  on  /(/)  ,we  obtain 

/(i)  =  /„-  +  2/;  cosijjIq  2lQCos2ujto  +  •  ■  • 

It  is  obvious  from  Equation  (21)  that  under  the  action  of  the  saturation  field  ,the 
beam  emitted  by  the  cathode  reaches  ideal  bunching  and  the  peak  current  of  each  har¬ 
monic  is  twice  the  direct  one  at  saturation, that  is, 5. 6  times  and  4.0  times  the  direct  one 
far  from  saturation  in  the  nonrelativistic  condition  and  in  the  ultrarelativstic  condition 
respectively  (In  the  reference  [l],it  is  found  by  numerical  simulation  that  the  rf  peak 
current  is  approximately  4  times  the  direct  current  far  from  saturation  at  the  voltage  of 
250KV). Therefore  by  the  design  of  the  extracting  cavity,one  can  acquire  not  only  high 
power  but  also  hign  frequency  microwave  pulses. 


3.  EVOLUTION  OF  THE  ELECTROMAGNETIC  FIELD 


Using  the  same  method  as  in  reference  [4], we  can  derive  the  evolution  equation  of 
the  electromagnetic  field  of  the  nth  harmonic  in  the  extraction  cavity 


de^ 

dt 

.  de„ 

""""  dz  ~ 

1 

dz 

Jz-^  J 

f  ■  Rf 

= 

1 

Jz-^  J 

(22) 

'gn 


=  dz  j 

47r  Jz-^  J 


d^x 


e,  •  X  Rf)  -f  Rf )  X  Rf )*) 


(23) 


dz 


47r 


(24) 


where  Rf )  and  Rf )  are  the  eigenmodes  of  the  extraction  cavity,which  are  determined  by 
the  source  free  Maxwell’s  equations  and  the  boundary  conditions;  ^ni^zni^zni^gn  S'Hd  (/„ 
are,respectively,the  slow  varying  complex  amplitude, axial  wavelength, wavenumber,  group 
velocity  and  energy  per  |cnp  contained  in  the  nth  harmonic  axial  wavelength 

The  ideal  bunched  beam  is  accelerated  again  after  it  passes  through  the  slot  on  the 
anode  of  the  diode/oscillator, in  this  process  its  energy  is  raised  while  its  bunching  remains 
unchanged. Then  the  prebunched  and  post-accelerated  beam  will  radiate  in  the  extraction 
cavity.Its  prebunched  current  is 


inz  =  /  /  2Trr^dr^2j‘^cos{nujlo)8{z  -  z,{t,t^,r^))  x  ^e(^^o,ro))  ^^5) 

J  J  Znr 

where  i/f)  is  the  electron  velocity  after  post-accelcration;jQ  is  the  current  density  emitted 
by  the  cathode  at  saturation. 

Substituting  (25)  into  (22), we  obtain  the  scaling  law  of  the  radiation  power  of  the  nth 
harmonic 

(26) 
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where  Iq  is  the  current  emitted  by  the  cathode  at  saturation. From  Equation  (26), the  ra¬ 
diation  emitted  by  the  beam  in  the  extraction  cavity  is  superradiation. 
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Such  phenomena  as  parametric  resonance,  three  wave  resonance  and  similar  are  well 
known  in  the  theory  of  dynamic  systems,  but  in  1981  [1  ]  a  new  dynamic  phenomenon,  named 
stochastic  resonance,  was  discovered. 

This  phenomenon  develops  itself  in  the  following  way;  if  a  bistable  system  is  a  subject 
of  a  simultaneous  influence  of  harmonic  noise  signals,  then  under  some  circumstances,  the 
amplitude  of  harmonic  signal  and  signal  to  noise  ratio  can  be  increased.  On  the  contrary  to 
ordinary  resonance,  where  the  increasing  of  signal’s  amplitude  takes  place  during  the 
matching  of  the  system’s  eigenfrequencies  with  the  frequency  of  the  external  signal, 
stochastic  resonance  appears  when  the  frequency  of  the  external  signal  matches  with  the 
average  frequency  of  the  system’s  jumps  from  one  stable  state  to  another  under  the  influence 
of  noise.  That  means  that  during  the  stochastic  resonance,  the  noise  energy  partly  transfers 
into  the  energy  of  regular  oscillations. 

The  theory  of  stochastic  resonance  for  bistable  potential  systems  is  described  in  [2,3].  It 
is  rather  interesting  to  apply  the  theory  of  stochastic  resonance  to  constructing  of  high-power 
microwave  oscillators. 

The  most  promising  impulse  high-power  microwave  oscillators  are  oscillators  based  on 
virtual  cathode  (so-called  vircators)  [4-6],  In  such  oscillators,  stochastic  resonance  can  be 
realized  very  simply.  In  this  paper,  theoretical  model  of  vircator,  working  in  stochastic 
resonance  regime,  is  investigated.  We  called  such  vircator  -  stochastron. 

The  phenomenon  of  stochastic  resonance  can  appear  under  the  influence  of  the  following 
factors: 

1.  the  existence  of  bistable  potential  between  real  and  virtual  cathodes,  which  in  our  case  can 
be  provided  by  inserting  of  the  additional  anode  grid.  The  space  between  grids  is  chosen 
for  promoting  of  the  electron  beam  transferring  without  creation  of  the  virtual  cathode 
between  grids,  and  the  potential  barrier  between  grids  forms  because  of  space  charge  of 
the  beam.  The  similar  double-grid  reflection  systems  that  are  used  for  collective 
acceleration  of  the  positively  charged  ions  [7,8]  and  for  microwave  generation  [9]  are  well 
known.  In  the  last  case  the  additional  grid  is  necessary  for  smoothing  of  the  potential 
profile  at  the  bottom  of  the  potential  well. 

2.  the  existence  of  the  energy  noise  which  provides  irregular  excitation  of  the  electrons- 
oscillators.  Such  noise  in  vircators  appears  as  a  result  of  irregular  oscillations  of  the  virtual 
cathode  which,  in  its  turn,  causes  the  appearance  of  the  noise  component  of  longitudinal 
electric  field  near  virtual  cathode: 

(/:'(/))  =  0;  (/'•(/)/'(/  + r))  =  %  (1) 

T 

here  hn  -  noise  amplitude  d  -  correlation  index,  it  was  calculated  for  different  microwave 
devises  in  [10],  In  the  same  paper  was  found  that  in  the  major  cases  (7>10  that  is  why  we 
can  write; 

(/<(/)/;(/ +  r))=A„A(r)  (2) 
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fig. 4a,  the  spectrum  of  double  grid 
vircator  working  in  stochastic 
resonance  regime  (stochastron)  is 
shown  at  fig.4b  (the  locations  of  the 
grids  at  both  figures  are  the  same).  The 
difference  between  those  two  spectrums 
is  very  noticeable.  The  main  pick  at 
fig.4b  is  at  the  frequency  Qo  =  2,3  GHz, 
harmonics  with  frequencies  IQo  and 
3Qo  are  also  noticeable.  Spectrum  of 
the  longitudinal  component  of  the 
electric  field  E,.  also  has  maximum  at 
the  frequency  close  to  Qo. 

The  facts  presented  above 
demonstrate  that  stocastron  generates 
electromagnetic  radiation  in  narrower 
spectral  band  then  the  ordinary  vircator. 


Fig.4.  Frequency  characteristics  of  the  transitional 
current; 

a)  ordinary  vircator; 
b)  stochastron. 


t,  ns 

Fig. 3.  Transitional  current  diagram. 

Indeed,  thus  in  a  presence  of  a  high  power 
magnetic  field  in  the  area  of  beam 
spreading,  stochastron  and  comparable 
with  it  vircator  generate  the 
electromagnetic  wave  of  TM-type.  That 
means  that  in  stochastron,  the  magnetic 
component  of  the  wave  -  is 

proportional  to  the  transitional  current  and 
so,  the  Poynting  vector  also  has  maximum 
at  the  frequency  Qo,  which  has  been 
proved. 

As  a  rule,  the  increasing  of  the  signal 
to  noise  ratio  during  the  increasing  of  the 
noise  amplitude  is  considered  to  be  the 
proof  of  the  existence  of  the  stochastic 
resonance  regime.  That  lead  to  the 
appearance  of  maximum  in  the 
dependence  of  signal  to  noise  ratio  from 
noise  magnitude  at  some  noise  value. 
However,  in  our  case,  there  is  no  external 
regular  signal,  that  is  why  such  criteria  of 
the  existence  of  stochastic  resonance 
regime  can’t  be  used.  We  consider,  that  in 
this  case  the  most  provable  confirmation 
of  the  existence  of  stochastic  resonance 
regime  is  the  existence  of  pick  in  the 
transitional  current  spectrum  which  can’t 
be  explained  by  another  reason  in 
resonator  with  low  quality  factor  such  as 
the  emitting  microwave  oscillator. 

Thus,  the  possibility  of  stochastic 
resonance  regime  realization  in 
microwave  devices  with  virtual  cathode 
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Also,  the  regenerative  coupling  provided  by  the  charge  density  waves,  raised  by  electrons 
reflected  from  the  virtual  cathode,  will  lead  to  the  oscillation  of  the  height  of  the  potential 
barrier  between  grids. 

3.  the  existence  of  a  harmonic  signal  of  the  appropriate  frequency.  Actually,  this  signal  can 
appear  because  of  the  existence  of  spectral  component  with  appropriate  frequency  in 
noise.  But,  moreover  in  microwave 
oscillator,  harmonic  signal  can  be  risen 
with  one  of  the  eigenfrequencies  of  the 
electrodynamic  system. 

For  numerical  simulation  of  stochastron 
authors  used  computer  code  “KARAT”  [11], 
which  used  PIC-method.  The  geometry  of  the 
model  is  demonstrated  at  fig.  1.  A 
homogeneous  magnetic  field  equal  to  50  kGs 
was  applied  to  the  whole  area  of  simulation. 

Diode  in  the  model  provides  an  electric 


current  with  magnitude  about  65  kA  at 
potential  difference  -  300  kV.  The  instant 
phase  portraits  of  the  system  are 


Fig.  I .  Model  (all  sizes  in  cm  ,  cross 
identifythe  sensor  location. 


5.  0  rw  demonstrated  at  tlg.2a,b.  It  is  easy  to  see  at 


those  figures  that  firstly  all  electrons  pass  the 
potential  barrier  between  grids,  but  then 
system  transfer  to  regime  with  some  locked 
electrons  around  each  grid.  The  existence  of 
the  diffuse  electron’s  layer  nearby  separatrix 
confirms  the  possibility  of  existence  of 
stochastic  resonance  regime  in  this  model. 

During  choosing  of  the  geometry  of  the 
anode  system,  the  space  between  grids  was 


'0.0  10.0  20.0 
z,  cm 


7.  f  cm 


Fig.2.  The  instant  phase  portraits  of  the  electrons 
beam  (points  -  electrons): 
a)  t  =  5  ns;  6)  t  =  1 0  ns. 


varied,  but  the  diode  region,  zone  of  virtual 
cathode  forming  and  the  location  of  the  main 
point  ~  “sensor”  (cross  at  fig.  1 )  relatively  to 
the  second  grid,  was  kept  invariant.  In  a  result 
of  variation  it  was  found  that  the  stochastic 
resonance  regime  most  brightly  develops  itself 
in  a  model  with  the  size  of  the  gap  between 
grids  -  3  cm. 

For  additional  confimiation  of  the 
existence  of  stochastic  resonance  regime  in 
stochastron,  the  spectral  characteristics  of 
microwave  oscillator  were  analyzed.  For  that 
purpose  the  spectrums  of  the  transitional 
current  were  investigated  at  the  profile  of  the 
system  where  sensor  was  located.  The  typical 
picture  of  the  transitional  current  temporal 
evolution  is  demonstrated  at  fig.3. 

In  comparison  to  the  spectrum  of  the 
ordinary  -  single  grid  vircator,  demonstrated  at 
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was  demonstrated.  The  existence  of  stochastic  resonance  regime  in  microwave  oscillators 
allows  generating  of  some  sort  of  monochromatic  radiation.  The  way  of  energy 
transformation  in  degrees  of  freedom  is  shown  at  fig.5 
There  are  no  other  methods 


OsciEabom  of  the 


provided  by  the  charge 
den^lymves 


Field  osciahoQs 
near’^alcatode 


of  generation  of  highly  - - 

1*  •  -xi  Oscillator's  vibration  in  the 

rnonochrome  radiation  with  potentiaiv/eii 

appropriate  power  in  microwave  - ^ — - 

oscillators  with  virtual  cathode. 

,  .  ...  -  Stochastic  . 

It  seems  that  it  is  possible  to  resonance 

increase  the  equality  faetor  of  _  1 _  Tnersgmratirscoupimg 

resonator  and  in  such  way  to  Osciiaionsoffc  pm^edbytkeharg? 

increase  the  level  of  potemialbamerheghts  dsisttymves 

monochromatism  of  the  |  ' 

radiation,  but  this  will  lead  to 
diminishing  of  the  emitting 

aperture.  In  [12]  vircator  with  ^ - - 

closed  cylindrical  drift  area  i  MJ^ciWotis  _ — 

.  ,  .....  i  nesa-'jittiialcatcde 

Without  any  emitting  window  ^ 

was  investigated,  the  generated 

radiation  was  highly 

monochromatic,  but  of  cause 

the  emitted  radiation  in  such 

case  is  close  to  zero.  That  is 

why  microwave  oscillators  * _ 

working  in  the  stochastic  Virtual  cathbde 

resonance  regime  could  be  a 
good  solution  for  emitting  of 
highly  monochromatic  radiation 
in  comparison  to  the  increasing 

of  the  quality  faetor  of  the  Fig,  5  The  energy  transformation  in  degrees  of  freedom 

electrodynamical  system. 

In  conclusion  notice,  that  if  in  some  reason  one  can’t  achieve  ordinary  resonance  in  the 
oscillating  system  (in  our  case  such  reason  is  turbulence  of  the  electrons  flow  with  virtual 
cathode),  it  could  be  useful  to  achieve  in  stochastic  resonance. 

Authors  would  like  to  thanks  V.P. Tarakanov  for  the  giving  an  opportunity  of  usage  of 
the  computer  cod  “KARAT”  developed  by  him. 


Virtual  cathode 
oscillations 


Fig,  5.  The  energy  transformation  in  degrees  of  freedom 
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HIGH-FREQUENCY  ELECTRON  BEAM  MODULATION  IN  A 
DIODE  WITH  AN  ACTIVE  PLASMA  CATHODE 


Ya.  E.  Krasik,  A.  Dunaevsky,  and  J.  Felsteiner 
Department  of  Physics,  Technion,  32000  Haifa,  Israel 


We  have  carried  out  experiments  with  an  active  plasma  cathode  showing  the 
possibility  to  generate  a  modulated  electron  beam  with  a  repetition  rate  of  2Hz  without 
the  use  of  a  high-frequency  power  supply.  The  modulation  of  the  beam  current  amplitude 
reaches  values  >30%.  This  modulation  is  found  to  have  a  frequency  of  325±5  MHz  for  a 
discharge  capacitor  of  InF  and  a  duration  >lps.  In  addition,  the  modulated  electron  beam 
is  accompanied  by  electromagnetic  radiation  with  the  same  frequency.  We  suggest  that 
this  high-frequency  modulation  is  caused  by  electron  oscillations  within  the  potential 
well  which  is  created  inside  the  cathode  structure  by  the  positive  potential  of  the  plasma. 


In  the  present  experiment,  an 
electron  beam  is  produced  by  the  use  of 
a  plasma  source  (see  Fig.  1). 


Fig.  1.  Experimental  setup.  TDU  -  time  delay 
unit;  TG  -  trigger  generator,  PG  -  pulse 
generator;  VD  -  voltage  divider;  RC  -  Rogovskii 
coil;  CVR  -  current  view  resistor;  PT  -  pulse 
transformer;  SG  -  spark  gap;  C  -  capacitor. 

To  produce  a  plasma  inside  the 
cathode  we  have  used  a  TiBa  sample 
(044  mm,  3.5mm  thickness).  The  front 
surface  of  the  sample  is  covered  by  by 
strips  (distance  between  strips  of  1.5  mm, 
strip  width  of  1.5mm).  The  diameters  of 
the  front  electrode  and  the  rear  disk 
electrode  are  20mm  each.  The  TiBa 


sample  is  placed  inside  an  aluminum 
box.  The  box  window  is  covered  with  a 
stainless  steel  grid  placed  at  a  distance  of 
10mm  from  the  sample.  The  plasma  is 
created  by  applying  a  positive  voltage 
pulse  (6-lOkV),  produced  by  a  pulse 
generator  (PG),  to  the  front  electrode  of 
the  sample,  The  sharp  rise  time 
(Tj.<10ns)  of  the  pulse  is  provided  by  a 
capacitor  (C)  and  a  spark  gap  (SG).  Due 
to  the  “triple  point”  effect,^  a  surface 
discharge  is  initiated  which  leads  to 
surface  plasma  formation.  The  anode, 
made  of  a  brass  disk  or  a  stainless  steel 
grid,  was  placed  at  different  distances  (5 
-  40  mm)  from  the  cathode.  A  negative 
voltage  was  applied  to  the  cathode  by  a 
PFN  generator  f^c/2^40kV,  ppp>j=10Q, 
/<  5Hz^  with  a  variable  time  delay  with 
respect  to  the  PG  firing.  A  pulsed 
transformer  (PT)  was  used  for 
decoupling  PG  from  the  PFN  generator. 

The  plasma  parameters  were 
measured  by  a  biased  collimated 
Faraday  cup  (CFG)  and  by  floating 
probes.  The  voltage  and  the  diode 
current  were  measured  by  an  active 
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voltage  divider  (VD)  and  a  ciuTent  view 
resistor  (CVR).  The  electron  beam 
current  density  was  measured  by  the 
CFC.  HF  electromagnetic  radiation  was 
detected  by  B-dot  loops  placed  inside 
and  outside  the  vacuum  chamber.  The 
plasma  density,  plasma  electron 
temperature  and  the  plasma  expansion 
velocity  were  found  to  be  2x10^^  cm"^  at 
1  ps,  T,  =5+2eV  and  v^/  =1.2+0.2x106 
cm/s,  respectively.  Thus,  the  saturation 
current  density  of  the  plasma  can  be 
estimated  as  jgp  =  0.4  >30A/cm“. 

To  achieve  emission  of  electrons 
from  the  stationary  plasma  boundary  the 
condition  jep=jsc  must  be  satisfied.  Here 
jsc  is  the  space  charge  limited  current 
density.^  Otherwise,  when  jefp^jsc  or 
jep<jsc  plasma  expansion  or  erosion  will 
take  place,  respectively.  Tlie  condition 
jep^sc  was  achieved  by  an  adjustment  of 
the  time  delay  between  the  PG  and  the 
PFN.  In  this  case,  the  electron  beam 
generation  (/e<  100 A,  Ee<  40keV)  was 
continuously  pulsed  at  a  repetition  rate 
of  2Hz.  A  comparison  of  the  electron 
current  density  with  that  predicted  using 
the  space  charge  law^  shows  satisfactory 
agreement  during  the  first  200ns.  Later 
on,  the  amplitude  of  the  electron  current 
density  becomes  less  than  the  jsc-  These 
data  were  observed  for  the  capacitance 
C<0.5nF.  When  the  value  of  the 
capacitor  C  was  increased  to  >0.7nF,  we 
observed  large  HF  oscillations  of  the 
CVR  signal,  as  shown  in  Fig.  2.  These 
oscillations  appear  after  ~2.5ps  with 
respect  to  the  beginning  of  the  plasma 
formation.  It  was  found  that  the  HF 
oscillations  could  not  be  associated  with 
electromagnetic  noise.  In  addition,  the 
appearance  of  the  HF  oscillations  did  not 
depend  on  the  time  delay  of  the  PFN 
generator  firing.  The  duration  of  these 


HF  oscillations  was  >lps,  and  in  some 
shots,  the  duration  was  as  long  as  lOps. 


Time  (1000  ns/div) 


Fig.  2.  Typical  waveforms  received  by  the  CFC 
placed  at  2  cm  from  the  anode  giid:  (1)  diode 
voltage  (16  kV/div),  (2)  anode  current  (1 1  A/div) 
and  the  signals  received  (3)  by  the  opened  CFC2 
(5  Aycm^div)  and  (4)  by  the  closed  CFCl  (3 
A/cmVdiv).  CFCl  is  closed  by  a  polyethylene 
foil  with  180  pm  thickness.  Vpf/./  =  40  kV. 
Anode-cathode  distance  of  1.5  cm. 

It  was  found  that  the  appearance 
of  the  HF  oscillations  depended  on  the 
amplitude  of  the  voltage  pulse  and  on 
the  value  of  the  capacitor  C.  In  addition, 
the  appearance  of  the  HF  modulation 
depended  on  the  diameter  of  the  cathode 
output  window  and  on  the  transparency 
of  the  cathode  grid.  Changing  of  other 
parameters  (anode-cathode  gap,  diameter 
of  the  vacuum  chamber,  etc.)  had  no 
effect  on  the  appearance  of  the  HF 
oscillations. 

The  CFCs  were  used  to  study  the 
modulation  of  the  extracted  electron 
beam.  Two  CFCs  were  placed  at  a 
distance  of  20mm  from  the  anode  grid. 
One  of  them  was  covered  by  a 
polyethylene  layer  with  a  thickness  of 
180  pm.  The  data  show  that  the  non- 
covered  CFCl  detects  the  electron  beam 
with  a  HF  modulated  current  amplitude, 
while  the  covered  CFC2  shows  zero 
signals  (see  Fig.  2).  The  amplitude 
modulation  (/e~20  A)  reaches  «30-60%, 
but  modulation  with  100%  depth  was 
also  some  times  observed.  By  using  the 
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windowed  regime  of  the  TDS640A 
digitizer,  it  was  found  that  the  amplitude 
modulation  had  a  frequency  of 
325±5MHz  (see  Fig.  3). 


Fig.  3.  Waveforms  of  the  signals  from  (1)  the 
CFC  (lA/cm‘/div)  and  (2)  the  B-dot  loop  (10 
V/div)  in  the  windowed  regime  of  the  TDS  640A 
digitizer,  and  (3)  the  envelope  of  the  attenuated 
B-dot  loop  signal  (50mV/div).  Fo/r;v=40kV. 
Anode-cathode  distance  of  2  cm. 

It  was  found  that  the  HF 
modulated  electron  beam  was 
accompanied  by  electromagnetic 
radiatio.  The  frequency  of  the  radiation 
was  found  to  be  the  same  as  the 
frequency  of  the  electron  beam 
modulation,  325±5MHz,  at  C  =  InF.  For 
a  capacitance  C  =0.7nF  the  frequency  of 
the  radiation  as  well  as  the  frequency  of 
the  electron  beam  modulation  decreased 
to  290±5MHz.  The  frequency  was  not 
changed  when  varying  the  amplitude  of 
the  applied  voltage  and  the  anode  and 
cathode  radii.  In  addition,  the  change  of 
the  distance  between  the  ceramic  surface 
and  the  cathode  grid  and  of  the  anode - 
cathode  distance  did  not  change  the 
observed  frequency. 

The  observed  dependence  of  the 
amplitude  of  the  HF  signal  on  the 
applied  high  voltage  showed  that  HF 
radiation  disappears  when  the  PFN 
voltage  amplitude  is  <  30  kV,  and 
increases  by  a  factor  2  for  each  5kV.  A 
microwave  detector  (bandwidth  of  0.01- 
12  GHz)  was  used  to  obtain  an  envelope 


of  the  attenuated  B-dot  loop  signal  (see 
Fig.  3).  Regarding  the  value  of  the 
capacitance  C,  we  have  found  that  the 
HF  modulation  becomes  unstable  in  the 
case  of  C<500  pF.  In  addition,  it  has 
been  found  that  the  decrease  in  the  grid 
transparency  as  well  as  the  decrease  in 
the  diameter  of  the  output  grid  lead  to 
the  disappearance  of  the  HF  oscillations. 

It  should  be  noted  that  the 
electron  beam  modulation  and  the  HF 
radiation  occur  only  in  the  case  when 
certain  values  of  plasma  parameters  are 
achieved.  For  instance,  for  plasma 
density  up  to  10^^  cm'^,  HF  oscillations 
have  not  been  observed.  In  addition,  HF 
oscillations  have  disappeared  when  ne< 
lO^^cm'^.  Therefore,  the  HF  oscillation 
effect  occurs  for  a  comparatively  narrow 
range  of  plasma  density:  10'^cm‘^<  < 

lO'^cm'F 

The  power  of  the  radiation  was 
estimated  from  the  data  obtained  by  a  B- 
dot  loop  (5=3cm-)  at  a  distance  of 
z=25cm  from  the  diode.  Taking  into 
account  that  the  measured  induced 
voltage  was  (p  «5V,  and  assuming  the 
frequency  of  the  radiation  as  /s325MHz, 
we  estimate  the  power  of  the  radiation  as 

Let  us  analyze  the  process  which 
may  occur  during  the  plasma  cathode 
operation.  The  positive  voltage  pulse  is 
applied  to  the  front  electrode  of  the 
ceramic  sample  after  the  SG  breakdown. 
Prior  to  the  application  of  the  PG  voltage 
pulse  the  capacitance  of  the  ceramic 
sample  is  about  240pF,  and  we  have 
observed  a  short  duration  (~30  ns)  high 
current  (-250 A)  charging  pulse  through 
it.  Then  plasma  begins  to  form  on  the 
ceramic  surface  due  to  electron 
avalanching.^  The  conductivity  of  the 
plasma  allows  it  to  serve  as  a  dynamic 
electrode  to  provide  an  additional 
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charging  current  with  amplitude  of  50- 
70A  during  ~300ns.  Simultaneously,  the 
plasma  extends  in  the  space  between  the 
ceramic  surface  and  the  output  grid  with 
a  velocity  of  1.0-1.5cm/ps.  After  0.7- 
l.Ops  the  plasma  reaches  the  cathode 
grid  and  short-circuits  both  the 
secondary  winding  of  the  decoupling 
transformer  and  the  capacitor  C.  The 
capacitor  (C  =1  nF)  begins  to  discharge 
through  the  plasma  with  a  current 
density  of  7p/«35A/cm2.  This  discharge 
current  is  carried  by  electrons  and  ions, 
and  can  be  expressed  as:  jpi~ 
ji[l+(Mi/mJ^^^].  To  maintain  the  plasma 
quasineutrality,  the  ion  current  density 
should  be  7,>0.7A/cm2.  jf  the  required 
ion  current  density  ji^jis^OAZeniWpi,  a 
cathode  sheath  can  be  formed  at  the 

vicinity  of  the  sample  surface."^  Under 
our  experimental  conditions  the  ion 
plasma  density  is  «,■  <3xl0^^cm‘2  at  a 
time  of  2.5 ps  after  the  beginning  of  the 
plasma  formation  and  corresponds  to 
y,:s<0.4  A/cm^.  Therefore,  the  sheath 
formation  can  take  place. 

When  a  high  voltage  pulse  of  the 
PFN  generator  is  applied  between  the 
anode  and  the  cathode,  the  electrons 
accelerate  from  the  boundary  of  the 
plasma  which  has  already  reached  the 
cathode  grid.  The  observed  electron 
current  density  at  that  time  v/asjsc^6.5  ± 
1  AJcvcfi  which  satisfactorily  agrees  with 
the  expected  jsc-  Further,  the  amplitude 
of  the  electron  beam  current  decreases  to 
2.5±0.5A/cm^  which  corresponds  to  the 
erosion  of  the  plasma  boundary  and  its 
movement  beyond  the  cathode  grid.  This 
process  may  lead  to  a  sheath  formation 
between  the  plasma  and  the  cathode 
grid.  Thus,  the  plasma  will  have  a 
positive  potential  with  respect  to  the 
sample  surface  and  the  cathode  grid.  In 


this  case,  electrons  will  oscillate  inside 
the  potential  well  between  the  surface  of 
the  ceramic  sample  and  the  cathode  grid, 
as  in  the  reflex  triode  or  vircator 
systems. To  estimate  the  frequency  of 
the  electron  oscillations  one  has  to  know 
the  floating  potential  of  the  plasma  and 
this  was  not  measured  in  the  present 
experiment.  However,  according  to  the 
linear  theory'  for  a  non-relativistic 
electron  beam,  the  frequency  of  electron 
oscillations 

(5/2)  (Dp=(5/2)  (4mhe^/mg)^^“ 

We  assume  that  the  density  of  the 
oscillating  electrons  is  approximately  the 
same  as  the  electron  density  of  the 
extracted  modulated  electron  beam.  In 
this  case,  the  electron  density  can  be 
estimated  taking  into  account  the 
observed  current  density  7g«lA/cm^  (see 
Fig.  3)  as  nij=j/2e^Vpp^me)'’^^  « 
5T0*cm'^  Thus,  the  frequency  of 
electron  oscillations  is  estimated  as 
f^^=(5/2)o}p/27v^00MHz,  which  is  in 
rough  agreement  with  the  observed 
frequency. 
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Abstract 


Beam  bunching  is  employed  in  microwave  tubes,  FEMs  and  in  other  devices.  We 
shall  characterize  and  point  out  the  advantages  of  using  a  traveling  wave  type  prebuncher 
in  a  table-  top  compact  FEM,  which  operates  successfully  at  Tel-Aviv  University  in 
C-band  and  for  FEMs  operating  anywhere  in  the  microwave  or  mm  wave  range. 

Our  prebuncher  utilizes  the  e-gun  and  the  first  2  “amplifier”  sections  of  a  3-section 
Traveling  Wave  Tube  (TWT).  The  3rd  “output”  section  was  severed;  an  adopting  flange 
was  added  to  permit  mounting  and  alignment  of  the  prebuncher  with  the  FEM  resonator. 

We  shall  characterize  the  density  modulation  of  the  e-beam  exiting  from 
the  prebuncher  as  a  function  of  the  r.f  power  input  to  the  prebuncher  and  as  a  function  of 
operating  frequency.  This  characterization  is  made  possible  by  scaling  from  data  of  small 
signal  gain,  saturation  gain,  power  output  vs.  power  input  which  was  measured  on  the  3 
section  TWT  for  a  large  frequency  range.  From  this  measured  data,  from  the  knowledge  of 
the  prebuncher  operating  parameters  and  from  existing  information  regarding  the  behavior 
of  TWT  bunched  beams  in  the  saturation  region  a  good  estimate  of  density  modulation  vs. 
input  power  and  frequency  is  obtained  for  our  prebuncher. 

Among  the  features  of  our  prebuncher  are:  great  instantaneous  bandwidth  (in  our 
case  anywhere  in  the  3  GHz  to  12  GHz  band)  obtained  by  varying  the  prebuncher  input 
frequency,  and  the  ability  to  vary  the  current  density  modulation  level  from  0  to  near 
100%  (by  varying  the  r.f  input  power  to  the  prebuncher  from  0  to  about  3  Watt). 

This  prebuncher  allows  selection  and  operation  of  our  FEM  at  only  one  desired 
frequency  for  which  net  gain  exists  (this  allows  operation  in  the  mode  of  highest 
efficiency).  The  r.f  power  buildup  time  in  the  FEM  oscillator  is  shortened  by 
prebunching,  and  we  can  operate  at  different  frequencies  on  a  pulse-to-pulse  basis  by 
shifting  the  premodulation  frequency  in  synchronism  with  the  beam  pulser.  These  unique 
capabilities  to  operate  our  FEM  in  a  stable  and  nan  ow  spectrum,  at  high  efficiency  and  at 
any  eigenffequency  are  all  made  possible  by  use  of  our  prebuncher. 
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1.  Introduction 


We  proposed  [1]  and  employ  successfully,  a  short,  efficient  wide-band 
Traveling- Wave-type  (TW)  prebuncher  in  a  table-top  FEM  (Fig.  1)  operating  at  Tel-Aviv 
University  [2]  since  1994. 

TW  prebuncher-amplifiers  can  operate  over  more  than  octave  bandwidths  in  the 
frequency  range  of  2  GHz  to  120  GHz  and  can  provide  e-beam  current  modulation  index 
of  the  fundamental  and  of  the  r.f  current  harmonics  from  zero  up  to  near  unity  (fi-equency 
and  modulation  level  depend  on  the  r.f  input  to  the  prebuncher).  Since  the  TW  prebuncher 
is  basically  an  amplifier  prebuncher  input  levels  of  0.1  mW  were  sufficient  to  assure  single 
mode  selection  in  a  FEM  oscillator  having  an  output  power  of  4kW.  Maximal  current 
modulation  was  obtained  with  a  prebuncher  r.f  input  power  level  of  about  IWatt. 

The  wide-band  prebuncher,  uses  the  e-gun  and  the  first  two  helix  sections  of  a 
TWT,  (Fig.  1).  It  enables  setting  and  adjustment  of  the  prebunching  frequency,  level  of 
r.f  current  modulation,  e-beam  d.c.  current  and  e-beam  pulse  width. 

The  fundamental  prebunching  frequency,  determined  by  the  r.f  input  frequency  to 
the  prebuncher,  can  be  chosen  to  be  anywhere  within  the  prebuncher  bandwidth  or  in  the 
FEM  interaction  bandwidth.  The  r.f  current  modulation  level  can  be  set  and  adjusted  by 
choice  of  the  prebuncher  input  power  level.  The  e-beam  current  level  and  the  the  pulse 
width  are  determined  by  the  modulation  voltage  applied  to  a  grid  near  to  the  cathode. 

Use  of  this  prebuncher  in  our  FEM  enabled  single  mode  selection  and  stable 
operation  of  the  FEM  oscillator  at  any  one  desired  eigenffequency  throughout  the  r.f 
pulse  and  the  suppression  of  other  eigenfrequencies  [2],  reduction  of  required  r.f  buidup 
time  to  reach  FEM  saturation  [3],  and  efficiency  enhancement  in  FEM  operation  [4]. 
Possibilities  of  operating  the  FEM  as  a  frequency-agile  high  power  source  (on  a  pulse  to 
pulse  basis)  by  employing  frequency  hopping  in  the  prebuncher  were  described  [5]; 
recently  oscillations  and  high  amplification  of  the  FEM  in  the  spectral  range  near  cutoff 
[6]  were  also  observed.  Pure  prebunching  radiation  experiments  using  this  prebuncher  are 
being  carried  out  at  present. 

2.  Current  density  modulation  level  as  a  function  of  r.f.  input  power  to  the 
prebuncher 

The  premodulator  operation  in  an  FEM  is  characterized  by  Irf/I  (i.e.  the 
fundamental  frequency  r.f  current  density  modulation  index)  at  all  frequencies  of  interest. 
We  need  to  know  it  as  a  frinction  of  the  r  .f  input  power  to  the  prebuncher. 

This  Irf/Io  modulation  behaviour  has  been  investigated  extensively  for  TWTs  in  an 
experimental  study  by  C.C.  Cutler  [7]  up  to,  and  beyond  saturation. 

Prior  to  removing  the  third  TWT  section  and  collector  from  an  operative  TWT  (to 
prepare  the  2-section  prebuncher  for  our  FEM)  we  measured  the  gain  and  power  vs. 
frequency,  up  to  saturation  of  the  complete  TWT.  The  first  2  sections  of  our  TWT  have  a 
length  which  is  0.6N  of  the  complete  TWT.  Based  on  the  TWT  gain  equation,  we  can 
scale  and  evaluate  the  s.s.  gain  Gss  of  the  prebuncher  first  2  section  vs.  frequency.  The 
large  signal  gain  at  saturation  of  the  prebuncher  (first  2  section)  is  similarly  evaluated. 

Based  on  the  large  signal  gain  we  find  the  required  r.f  input  power  which  saturates 
the  prebuncher,  for  various  current  levels  and  frequencies. 

For  a  complete  TWT  Cutler  [7]  found  that  the  ratio  of  the  fundamental  r.f 
component  of  current  Irf  to  the  d.c.  beam  current  Uc,  Irf/Io  ~1  for  saturation  conditions. 

As  one  reduces  the  input  r.f  power  to  the  prebuncher  by  several  db  from  an  input 
power  Pinsat,  leading  to  prebuncher  saturation,  this  current  modulation  ratio,  Irf/Io  first  goes 
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above  1;  it  is  still  near  to  unity  for  Pi„sat-10db  (i.e.  for  an  input  level  lOdb  below  that 
which  causes  saturation).  For  r.f  input  power  levels  below  Pjnsat-lOdb,  Cutler  showed  that 
the  ratio  (Irf/Io)^  is  nearly  proportional  to  the  input  r.f  power. 

On  this  basis  we  obtained  the  graphs  of  Fig.  2  for  a  frequency  of  5GHz.  Similar 
graphs  were  obtained  for  each  frequency  of  interest  which  relate  the  current  modulation 
level  to  the  r.f  input  level  to  the  prebuncher.  For  simplicity  (Irf/Io)^  =1  in  Fig.  2  (for 

PinsaflOdb  <  Pin  ^  Pinsat)- 
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Fig.  1  Schematic  Diagram  of  Prebunched  FEM 


Fig.  2  Current  modulation  vs.  prebuncher  input  power  (for  f=5GHz) 
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ABSTRACT 

Investigations  on  increasing  the  power  and  efficiency  of  a  relativistic  magnetron  microwave  generator 
with  ’’large  anode”  are  presented.  General  parameters  of  the  installation  are:  wavelength  A  =  10cm 
(S-band),  anode-cathode  gap  is  1  cm,  high  voltage  pulse  of  150  ns  duration  Vo  -  500  JtF  and  axial  pulsed 
magnetic  field  Bo  =  0.5  T.  Microwave  power  of  ~  1  GW  is  emitted  through  a  cylindrical  waveguide 
with  TMoi  mode  and  a  horn  with  a  28-cm  output  diameter.  The  first  magnetron  version  VF-1  was  limited 
to  a  microwave  power  level  of  0.3  GW.  It  was  determined  primarily  by  RF-breakdown  inside  the  cavities 
and  the  output  space  mode  RF-converter  (resonator  structure  ~  coaxial  emitter).  The  new  magnetron 
contains  12  resonators  of  the  open  saw-shape  type.  To  eliminate  the  storage  of  electrons  inside  resonator 
cavities,  we  use  additional  permanent  magnets  in  all  vanes  of  the  resonators.  Finally,  we  changed  the 
classical  Boot-Pickering  spatial  RF-converter.  The  new  semi-transparent  RF-converter  transforms  both 
symmetrical  and  non-symmetrical  magnetron  modes  to  travelling  waves  of  the  output  waveguide. 


INTRODUCTION 

High  power  microwave  relativistic  magnetrons  (RM)  of  gigawatt  power  levels  [1-4] 
operate  with  lower  efficiencies  ~  20%)  and  shorter  pulse  duration  (t^  ~  100  ns) 
compared  to  classical  magnetrons  with  efficiency  >  50%  and  ~  1  /is  at  P^  = 
1  —  50  MW  [5-7].  A  cause  of  pulse  shortening  in  RM  due  to  expanding  cathode-anode 
plasma  was  eliminated  for  t^  <  100  ns  by  using  A-K  gap  of  do  ~  1  cm  [3,4,8].  It  is  suitable 
for  high  power  magnetron  (HPM)  devices  with  A  >  10  cm.  For  the  sake  of  compactness, 
many  researchers  (like  [2,3,8]  and  the  present  ones)  choose  S-band  wavelength.  The  well 
known  HPM  relativistic  oscillators  of  BWO  type  [9]  use  smaller  A-K  gap  about  0.1  cm 
as  well  as  shorter  A  ~  3  cm  and  t^.,  <  10  ns  for  ~  1  GW .  Typical  parameters  of 
S-band  RM  are  P^  ~  1  GW ,  ~  0.2,  Vq  —  0-5  MV  and  Iq  ~  10  kA.  Dimensions  of  a 
10  kA  cathode  are  defined  primarily  by  a  space  charge  limit  of  current  density  in  a  gap 
do  with  crossed  E  x  B  -fields,  namely,  Jeb  =  0.1  x  Jcl  -  0.2  x  Vf-^do"^  kA/cm^  [10].  It 
predicts  Jo  <  Jeb  =  0.07  kA/cm?  for  Vq  =  0.5  MV  and  do  =  1  cm.  Finally,  one  obtains 
2ro  =  (r^  +  rx)  >  IoUt^IkJo)  —  5  cm  with  Iq  =  l^  =  Ia  —  X  —  10  cm,  Ja  —  5  cm  and 
d/f  =  4  cm  for  anode  and  cathode  diameters  respectively.  Such  parameters  correspond  to 
’’large  anode”  magnetron  {Ia/X  ~  1,  d^/A  =  0.6).  The  ’’large  anode”  means  that  the  last 
values  are  greater  than  0.5.  Both  vr-mode  instability  and  low  efficiency  were  observed  for 
classical  magnetrons  in  this  case  [5,6].  Problems  of  large  anode  relativistic  magnetrons 
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are  analysed  in  this  paper.  Experimental  results  for  the  VF-1  version  of  RM  are  presented 
below. 


EXPERIMENTAL  ARRANGEMENT 


Fig  1.  Schematic  diagram  of  pulsed  voltage  generator  and  high-power  S-band  magnetron.  1  -  Marx 
generator  (700  kV,  40  Ohm);  2  -  Single  pulse  forming  line  (0.5  MV,  12  Ohm,  250  ns);  3  -  Main 
switch  and  transport  vacuum  line  (2.3  m  long,  1.1  inductance)  followed  by  a  parallel  matching 
coaxial  diode  to  improve  voltage  waveform;  4  -  Magnetron  (S-band,  submicrosecond,  gigawatt  level); 
5  -  Solenoid  (5  kG,  T/4  =  3  ms);  6  -  RF-radiation  output  horn  (73  cm  long,  28  cm  output  i.d.);  7 

-  Array  of  fluorescerit  lamps  for  mode  identification  (1  x  1  m^  at  1.1  m  from  horn  output  of  28  cm 
i.d.);  8  -  Receiver  horn  (at  3.2  m  from  the  emitting  horn)  and  signal  transporting  cable  {Icab  =  20  m, 
20  dB);  9  -  Diode  detector;  10  -  Oscilloscope  to  record  RF-envelope;  11  -  Matching  coaxial  diode; 
12  -  Diaphragm  for  microwave  reflection;  13  -  Megavolt  voltage  divider  with  compensating  loop;  14 

-  Resistor  shunt  of  total  current. 


Table  1 


Main  parameters  of  the  VF-1  magnetron 

Operating  voltage,  Vq 

Voltage  pulse  duration,  to 

Number  of  resonators,  N 

16 

Outer  radius  of  resonators,  tr 

6cm 

Inner  anode  radius,  ta 

4icm 

Cathode  radius,  tr 

Zcm 

Length  of  the  anode,  Ia 

20  cm 

Resonator  gap  (at  r  =  4.2  cm) 

0.7  cm 

Magnetic  field,  Bqz 

4.5  kGs 

l^ble  II 


Experimental  results  for  the  VF-1 

Frequency,  / 

w  3.1  GHz 

Maximum  output  RF  power, 

>  200  MW 

Pulse  duration  of  RF, 

<  20  ns 

Efficiency,  t) 

>  5% 

Internal  pressure 

2  X  10-®rorr 

The  reason  of  power  limitation 

Micowave 

breakdown 

Fig  2.  Typical  oscillograms:  1  -  RF-power  envelope  (measured  by  a  vacuum  valve  diode  of  6D3D 
type);  2  -  Total  (magnetron  and  matching  diode)  current;  3  -  Magnetron  voltage. 

Upgraded  pulsed  accelerator  ERG  [1]  was  used  in  the  experiments.  Typical  accel¬ 
eration  voltage  applied  to  the  cathode  equals  Vak  =  -0.45  MV  with  pulse  duration 
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to  =  150  ns  at  the  level  of  0.9Vmax-  Experimental  set-up  is  drawn  in  Fig.  1.  An  additional 
element  was  used  in  the  pulsed  power  circuit:  the  matching  coaxial  diode  (see  Fig.  1, 
position  11)  with  a  cold  emission  velvet  cathode  and  without  applied  magnetic  field  Bo^. 
It  damped  also  voltage  spikes  which  could  occur  during  microwave  breakdown  in  mag¬ 
netron.  On  our  opinion,  the  matching/damping  diode  could  reduce  electrical  breakdown 
probability  inside  accelerating  gap  in  the  magnetrons. 

Parameters  of  the  VF-1  magnetron  version  arc  shown  in  Table  I  and  Table  II.  The 
VF-1  is  a  large  anode  magnetron  with  Ia/X  —  2  and  d^/A  =  0.8  and  with  axial  microwave 
power  extractor  of  coaxial  Boot-Pickering  type  [6] . 

The  total  extracted  RF-power  was  estimated  approximately  by  multiplication  of 
the  power  measured  at  input  of  the  receiver  horn  {Srh  —  10^  cm^,  =  0.1  —  1  MW) 

to  the  ratio  of  Sot/Srh  ^  5  x  10^,  where  Sor  is  the  averaged  area  of  radiation  pattern 
at  the  receiver  horn  distance.  The  Sor  was  calculated  using  data  of  the  light  pattern  size 
from  fluorescent  lamps  (see  Fig.  1).  This  estimation  gives  =  0.2  —  0.4  GIT  with  pulse 
duration  of  <  20  ns.  The  light  lamp  pattern  indicates  the  multi-mode  regime  of  the 
magnetron  oscillator.  Probably,  pure  magnetron  rr-mode  was  unstable  in  our  magnetron 
generator. 

On  our  opinion,  the  limitations  of  RF-power  and  pulse  duration  were  occured  previ¬ 
ously  due  to  microwave  breakdown  inside  the  cavities  and  the  output  microwave  convertor 
(resonant  structure  —  coaxial  extractor).  The  cavity  microwave  breakdown  can  be  trig¬ 
gered  by  a  storage  of  large  number  of  electrons  inside  the  cavities  (see  Fig.  3)  and  increased 
electric  field  at  the  vane  surfaces. 


LARGE  ANODE  RELATIVISTIC  MAGNETRONS 


Computer  simulations  of  the  VF-1  and  the  VF-2  (see  Fig.  3)  were  made  by  code 
KARAT  [11,  12].  Cold  RF-measurenemts  of  the  magnetron  resonance  frequency  have 


Fig  3a, b.  Cross-section  of  the  magnetrons  (a:  VF-1,  b:  VF-2).  It  shows  trajectories  of  test  electrons 
calculated  by  KARAT  (lA  ~  Vb  ~  0.5  MV,  Bq  —  5kG).  1  -  Cathode  electrode;  2  -  Anode  vanes; 

3,4  -  Cavities;  5  -  Resonator  gaps  of  ~  0.7  cm  width;  6  -  Trajectories  of  test  electrons. 

shown  good  agreement  with  simulation  results.  The  VF-1  magnetron  had  a  long  anode 


-734- 


(/^/A  =  2),  and  classical  type  of  the  resonator  cavities  (Fig.Sa).  RF  measurements  show 
many  resonance  frequencies  for  VF-1  magnetron.  As  a  rule,  non-symmetrical  resonant 
modes  have  been  excited.  There  are  some  reasons  for  unstable  7r-mode  of  the  VF-1 
magnetron.  First,  weak  coupling  of  cavities  is  due  to  lowering  of  azimuthal  cross-currents 
caused  by  a  larger  cavity  perimeter.  This  coupling  operated  quite  good  in  classical  rising- 
sun  magnetrons  of  the  AXD  type  [5]  with  lower  azimuthal  velocity  of  the  synchronous 
wave  {vph  <  0.1c).  This  type  of  magnetron  with  high  phase  velocity  {vph/c  =  0.22  as  in 
[3])  operated  as  good  amplifier  with  a  master  magnetron  and  showed  poor  performance  in 
generator  regime.  The  RM  were  constructed  with  higher  velocity  of  the  Vph/c  >  0.3,  for 
example,  Vph  =  0.33c  for  the  VF-1,  Vph  =  0.45c  in  [3],  and  Vph  =  0.54c  in  [1].  The  second 
reason  of  the  VF-1  low  efficiency  is  poor  extraction  of  microwave  power  from  all  cavities. 
Good  solution  for  this  problem  would  be  to  use  the  diffractional  radiation  extractor  as  in 
[1].  But  it  would  be  large  and  complicated  device  to  use  it  in  S-band  magnetron. 

Finally,  we  formulate  some  principal  problems  which  are  still  to  be  solved  for  "good” 
relativistic  magnetron.  They  are:  1)  stabilizing  magnetron  vr-mode  in  the  case  of  Vph  > 
0.3c;  2)  eliminating  storage  of  electrons  inside  magnetron  cavities;  3)  ensuring  high  current 
from  cold  cathode  by  secondary  electron  emission;  4)  efficient  extraction  of  microwave 
power  from  all  magnetron  cavities  to  output  waveguide. 

Cross-section  of  new  magnetron  of  the  VF-2  version  is  shown  in  Fig.3b.  It  has  12 
resonators  of  the  open  saw-shape  type.  In  addition  we  will  use  permanent  magnets  in 
all  vanes  of  VF-2  and  new  semi-transparent  RF-converter  to  couple  the  resonant  cavities 
with  output  waveguide. 


CONCLUSION 

Relativistic  magnetron  of  gigawatt  power  level  can  work  without  a  breakdown  of 
the  accelerating  A-K-gap  do  ^  1cm  caused  by  plasma  streams.  The  main  problems 
are  to  construct  large  anode  resonator  structure  which  could  stably  operate  on  7r-mode, 
eliminate  the  storage  of  electrons  inside  cavities,  and  use  RF-mode  converter  which  couples 
all  cavities  with  output  waveguide.  Next  VF-2  magnetron  version  is  in  progress. 
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INTRODUCTION 

Powerful  sources  of  coherent  electromagnetic  radiation  operating  in  the  millimeter 
wavelength  range  (gyrotrons)  are  used  in  such  applications  as  electron-cyclotron  heating  of 
fusion  plasma  and  high-temperature  processing  of  some  materials.  Typical  values  of  output 
efficiency  of  modem  gyrotrons  are  30^0%.  A  sufficiently  easy  and  efficient  way  to  further 
increase  efficiency  is  recuperation:  the  process,  during  which  electrons  leave  the  interaction 
space  and  after  that  are  decelerated  by  the  electric  field  near  the  collector,  the  potential  of 
which  is  lower  than  the  initial  beam  potential.  These  electrons  give  up  a  part  of  their  kinetic 
energy,  which  was  not  spared  for  interaction  with  the  RF  field,  to  the  power  supplies. 
Efficiency  of  energy  regeneration  is  significantly  depending  on  the  energy  spread  of  electrons 
after  interaction  with  the  RF  field.  As  was  shown  by  calculations,  this  spectrum  depends,  to  a 
great  extent,  on  the  conditions  of  this  interaction,  especially  in  the  region  of  transition  from 
the  cavity  to  the  output  waveguide.  Although  energy  spectra  have  been  studied  theoretically  in 
sufficient  detail,  direct  measurement  of  the  energy  distribution  function  for  used  electrons  is 
of  special  interest  for  interpretation  of  peculiarities  in  operation  of  various  gyrotrons  in  the 
regime  of  single-stage  regeneration  and  for  development  of  the  gyrotron  with  two-  (multi-) 
stage  regeneration.  Multi-stage  schemes  of  regeneration  can  be  developed  and  realized  basing 
on  reliable  data  about  the  energy  spectra  of  used  electrons  and  confidence  in  accuracy  of  the 
existing  methods  for  calculation  of  energy  spectra. 

On  the  other  hand,  a  well-known  feature  of  the  gyrotron  is  its  low  criticality  in  terms  of 
the  spread  of  translational  velocities  of  particles.  This  feature  is  caused  by  the  quasi-transverse 
character  of  propagation  of  the  operating  mode,  which  provides  smallness  of  the  Doppler 
widening  of  the  cyclotron  resonance  line.  At  the  same  time  it  is  evident  that  due  to  relativistic 
dependence  of  the  rotation  frequency  of  electrons,  on  their  complete  energy,  E,  a  weakly 
relativistic  gyrotron  must  be  sensitive  to  the  spread  of  initial  energy  of  particles.  There  are 
quite  a  few  possibilities  for  appearance  of  noticeable  energy  spread  of  particles  before  they 
enter  the  operating  space  of  the  gyrotron;  they  may  be  connected,  e.g.  with  excitation  of 
spurious  oscillations  or  development  of  inherent  instabilities  in  dense  beams  in  the  forming 
space.  These  reasons  may  be  responsible  for  somewhat  lower  efficiency  of  powerful  gyrotrons 
as  compared  to  the  calculated  values. 

This  paper  describes  experimental  determination  of  the  energy  spectrum  of  the  electron 
beam  after  interaction  with  the  RF  field  in  a  short-pulse  gyrotron  operating  at  the  frequency  of 
83  GHz  with  output  power  up  to  1  MW  [1],  Another  subject  matter  of  the  paper  is 
measurement  of  the  energy  spread  in  the  gyrotron  electron  beam  before  interaction  with  the 
RF  field.  The  authors  also  make  an  effort  to  explain  appearance  of  this  spread.  As  the  most 
possible  reason,  development  of  inherent  instability  of  the  negative-mass-instability  (NMI) 
type  [2]  is  discussed;  this  instability  is  universal  for  gyrotrons.  In  principle,  it  can  provide 
convective  amplification  of  perturbations  and  appearance  of  energy  spread  in  the  electron 
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beam  during  its  formation  and  propagation  from  the  cathode  towards  the  operating  resonator 
cavity  of  the  gyrotron. 


MEASUREMENT  METHOD  AND  EXPERIMENTAL  SETUP 

In  order  to  determine  the  energy  spectrum  of  electrons  experimentally,  one  can  use  the 
method  of  the  decelerating  field.  Usually  such  measurements  can  be  performed  only  in 
modeling  regimes,  i.e.  at  lower  values  of  magnetic  field  B,  voltage  U  and  beam  current  1. 
These  values  are  chosen  basing  on  similitude  relationships  that  provide  invariability  of  non- 
perturbed  (with  no  account  for  NMI)  electron  trajectories.  Unlike  this,  the  analyzer  proposed 
in  and  used  in  our  experiments  allows  measurements  not  only  in  the  modeling  regimes,  but 
also  at  nominal  beam  voltages  (of  the  order  of  several  tens  of  kilovolts)  and  measures  also  the 
spread  of  total  electron  velocity. 

The  analyzer  is  set  in  a  tube  connected  to  the  collector  of  the  gyrotron  at  the  angle 
coinciding  with  the  inclination  angle  of  the  force  line  of  the  magnetic  field.  Electrons  enter 
this  tube  through  a  narrow  longitudinal  slot  in  the  collector.  Then  they  move  towards  the 
target  set  perpendicularly  to  the  force  line  of  the  magnetic  field,  which  in  this  region  is  much 
weaker  than  at  the  collector  and,  all  the  more  so,  than  at  the  resonator.  Along  this  way  the 
electrons  are  decelerated  by  the  electric  field,  and  it  is  possible  to  determine  their  velocity  by 
the  dependence  of  the  current  to  the  target  on  the  decelerating  voltage. 

In  the  region  of  the  decelerating  field  of  the  analyzer  rotational  velocities  of  electrons  are 
approximately  20  times  lower  than  their  translational  velocities  along  the  magnetic  field. 
Thus,  the  method  of  the  decelerating  field  in  this  system  makes  it  possible  to  determine  the 
total  velocity  (energy)  of  electrons,  at  which  they  enter  the  collector  region.  The  electron 
energy  distribution  function  is  determined  as  a  derivative  of  the  collector  current  with  respect 
to  the  voltage  of  the  decelerating  grid,  and  the  velocity  of  the  energy  spread  will  be 
determined  as  Ss  =  (U^  j  9V^0  'voltages  of  the  grid,  at  which 

the  target  current  equals,  respectively,  to  0.9  and  0.1  of  its  maximum,  and  Uq  is  total  voltage 
of  the  beam  that  determines  maximum  energy  of  electrons.  The  signals  proportional  to  the 
target  current  and  decelerating  voltage  were,  transmitted  to  an  automatic  system  for  data 
acquisition  and  processing.  Automation  of  data  acquisition  and  processing  made  it  possible  to 
obtain  a  great  number  of  points  at  the  cut-off  curve  and  a  high  rate  of  measurements,  thus 
reducing  errors  caused  by  instability  of  power  supplies.  The  large  size  of  the  data  files 
obtained  improves  reliability  of  the  measurement  results. 


ENERGY  SPECTRUM  OF  ELECTRONS  WITHOUT  INTERACTION  WITH  RF 
FIELD  OF  THE  GYROTRON 


Though  the  analyzer  was  designed  for 
voltage  up  to  70  kV,  a  part  of 
measurements  of  energy  spectrum  was 
made  in  the  modeling  regime.  That  made  it 
possible  to  avoid  distortions  of  the  energy 
spectrum  of  the  particles  that  appear,  when 
powerful  RF  oscillations  are  excited  in  the 
operating  space.  Main  characteristics  of  the 
experimental  gyrotron  are  given  in  Table. 


Mode 

TEn.3 

Operating  frequency,  GHz 

83 

Output  power,  MW 

1 

Pulse  duration,  ms 

100 

Accelerating  voltage,  kV 

70 

Maximum  beam  current,  A 

40 

Pitch  factor 

1.3-1. 5 

Magnetic  field,  T 

3 
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The  plots  for  dependence  of  the  energy  spread  on  the  beam  current  at  two  values  of  the  . 
magnetic  field,  Bq  and  0.9  Bq,  are  shown  in  Fig.  1.  For  the  nominal  magnetic  field,  Bo,  when 
the  current  changes  from  5  A  to  40  A  (the  latter  corresponds  to  the  generated  output  power 
over  1  MW  at  efficiency  over  40%),  the  energy  spread  grows  together  with  the  beam  current. 
Thus,  the  method  proposed  makes  it  possible  to  measure  energy  spectra  of  electrons  in  a  wide 
range  of  parameters.  The  obtained  results  prove  that  when  the  beam  is  formed  by  a  standard 
electron  gun  of  a  gyrotron  and  there  is  no  interaction  of  particles  with  the  RF  field,  in  the 
modeling  regime  the  spread  of  electron  energy  grows  together  with  the  spatial  charge  (beam 
current).  At  the  operating  values  of  the  current  at  the  system  output  it  is  several  per  cent. 
When  the  magnetic  field  becomes  lower,  widening  of  the  spectrum  occurs.  At  a  relatively 
small  decrease  of  the  magnetic  field  this  effect  can  be  explained  by  NMI  intensification.  As 
the  magnetic  field  decreases  further  and  the  number  of  particles  reflected  from  the  magnetic 
trap  grows,  the  spectrum  widens  further..  This  is  caused  by  the  growth  of  the  fields  of  the 
spatial  charge  due  to  a  greater  number  of  refleeted  electrons,  and,  probably,  due  to  arising 
instabilities  in  the  drift  space  between  the  cathode  and  the  magnetic  trap. 

A  possible  reason  that 
leads  to  a  spread  of  partiele 
energies  in  the  region  of 
electron  beam  formation  and 
beam  drift  towards  the 
resonator  is  negative-mass 
instability.  Probably,  it  has  the 
most  general  character,  since  it 
develops  independently  of  the 
type  of  the  eleetron-optical 
system  and  the  presence  of 
reflected  electrons.  This 
I  instability  is  caused,  on  the  one 

.  .  hand,  by  non-isochronism  of 

A  ’ 

0  10  20  30  40  ’  cyclotron  rotation  of  electrons 

Fig.  1 .  Dependencies  of  the  energy  spread  from  beam  current  for  two  magnetostatic  field,  and, 

different  regimes.  on  the  Other  hand,  by  Coulomb 

repulsion  of  electrons.  Really,  a  fluctuation  of  electron  density  repels  “neighboring”  particles 
and  makes  their  oscillatory  velocity  higher  or  lower  depending  on  their  position  relative  to  the 
fluctuation.  For  example,  linear  velocity  of  the  particles  moving  behind  the  fluctuation 
becomes  lower.  By  that,  their  angular  velocity  grows,  since,  the  frequency  of  cyclotron 
rotation  is  inversely  proportional  to  the  relativistic  energy  of  the  electron.  At  the  same  time  the 
angular  velocity  of  the  partieles  moving  in  front  of  the  fluctuations  becomes  lower.  Thus, 
Coulomb  repulsion  of  the  particles  oscillating  in  the  magnetostatic  field  leads  to  their  efficient 
rotation  phase  attraction. 

In  terms  of  the  affect  of  the  spread  on  efficiency  of  interaction  of  electrons  with  the  RF 
field  in  the  gyrotron  resonator,  the  most  interesting  eharacteristic  is  the  value  of  the  spread  not 
near  the  collector,  but  at  the  input  to  the  resonator  (near  the  maximum  of  the  magnetic  field). 
In  the  gyrotron  under  consideration,  at  the  input  to  the  resonator  the  spreads  in  the  operating 
and  modeling  regimes  actually  coincide  and  prove  to  be  less  than  2%.  Such  a  spread  has 
almost  no  reducing  effect  on  gyrotron  efficiency.  However,  in  the  case  of  a  smoother  profile 
of  the  magnetic  field  and,  correspondingly,  longer  drift  space,  in  which  the  electron  beam 


£  B=0.9Bc 
★  B=Bo 
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travels  from  the  cathode  to  the  resonator,  the  spread  at  the  input  to  the  cavity  can  brow  up  to 
the  value  corresponding  to  the  stage  of  NMI  saturation,  ds-  7-8%. 


ENERGY  SPECTRUM  OF  ELECTRONS  AFTER  INTERCONNECTION  WIHT  RF- 
FIELD 


Varying  experimental  parameters  were  accelerating  voltage,  magnetic  field  and  beam 
current.  We  will  limit  our  consideration  here  to  description  of  main  regularities  obtained  by 
analyzing  the  data  of  measuring  energy  spectra  of  electrons. 

Figure  2  presents 
functions  of  electron  energy 
distribution  after  electron 
interaction  with  the  RF  field 
at  different  values  of  the 
magnetic  field  within  the 
generation  band  at  nominal 
values  of  the  current  and 
voltage  ([/o  =  70kV,  /=  30A). 
For  the  distribution 
corresponding  to  the  regime 
of  generation  with  maximum 
efficiency  the  major  part  of 
electrons  have  the  energy 
about  twice  as  low  as  the 
initial  energy  of  electrons,  Eq, 

field  determined  by  the  complete 


Fig.  2.  Energy  distribution  function  for  different  regimes  Curve 
“1”  -  5  =  ,  ri~  40%,  curve  “2”  5  =  1.01 55  ,  77  «  20%, 


curve  “3”  -  B  =  1.025,, 


10%. 

interaction  with  the  RF 


'opt  ’  5 

i.e.  the  energy  before  their 
accelerating  voltage,  Uo,  To  the  left  of  the  maximum  (at  lower  energies)  the  number  of 
electrons  is  insignificant,  at  to  the  right  the  slope  of  the  distribution  function  is  soft,  and  there 
are  even  electrons  with  energies  exceeding  the  initial  value. 


CONCLUSION 

The  proposed  method  for  measuring  the  energy  spread  in  the  electron  beam  of  a  gyrotron 
made  it  possible  to  obtain  experimentally  characteristic  energy  spectra  for  different  regimes. 
Qualitative  coincidence  of  the  dependencies  of  electron  energy  spread  on  the  current  and 
value  of  the  guiding  magnetic  field,  which  were  found  experimentally  and  calculated  basing 
on  the  NMI  theory,  gives  grounds  to  suppose  that  the  role  of  other  possible  instabilities  of  the 
electron  beam  is  not  great. 

One  can  state  that  the  character  of  the  spectrum  of  “spent”  electrons  depends 
significantly  on  generation  conditions.  In  the  regimes  with  maximum  efficiency  the  spectrum 
begins  at  energies  of  the  order  of  30-40%  of  the  initial  beam  energy.  Comparison  of  the 
measurement  results  and  calculations  showed  that  efficiency  values  coincide  with  sufficient 
accuracy,  but  there  are  differences  in  details  of  energy  distribution  of  “spent”  electrons,  which 
require  further  refinement  of  the  calculation  model. 
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Titan's  high-peak-power  Reltron  microwave  tubes  have  proven  to  be  useful  for  testing 
the  vulnerability  of  electrical  systems  to  high  power  microwave  pulses.  A  description  of  this 
tube  has  been  given  previously.*  The  nominal  frequency  range  of  operation  of  the  tubes  is 
0.5-6  GHz.  Typical  operating  parameters  for  a  high-peak-power  L-band  tube  are  summarized 
in  Table  1.  Over  the  past  year  we  have  continued  to  make  progress  on  the  following  topics: 
1.  A  new  modulating  cavity  design  permits  a  useful  tuning  range  of  approximately  +/-  15% 
about  the  nominal  center  frequency.  2.  An  investigation  of  velvet  cathodes  has  shed 
additional  light  on  the  behavior  of  dielectric  cathode  materials,  permitting  higher  repetition 
rates  with  significant  pulse  durations.  3.  An  analysis  of  pulse  shortening  mechanisms  has 
identified  the  dominant  mechanisms  in  Reltron  tubes,  resulting  in  significant  improvements  in 
the  energy  per  pulse. 

Table  1.  Characteristic  Parameters  of  L-Band  Reltron  Tubes 


Parameter 

Typical  Value 

peak  power  (MW) 

500 

efficiency  (%) 

40 

instantaneous  bandwidth  (%) 

0.1 

tuning  range  (+/-  %) 

10 

pulse  width  (^s) 

0.5 

energy  per  pulse  (J) 

>200 

repetition  rate  (pps) 

<10 

MTBM'  (#  of  shots) 

“  5X10’ 

‘Mean  Time  Between  Maintenance 


ENHANCED  TUNING  RANGE 

The  beam  bunching  mechanism  in  a  Reltron  tube  is  essentially  that  of  a  two  cavity 
klystron  oscillator,  the  operating  frequency  of  which  is  determined  by  the  resonant  frequency 
of  the  7c/2  mode  of  the  modulating  cavity,  down-shifted  by  beam  loading  effects.  The 
modulating  cavity  itself  consists  of  a  three-cavity  section  of  side-coupled,  standing-wave  rf 
linac.  Tuning  is  achieved  by  moving  plungers  in  the  two  "pillbox"  cavities  through  which  the 
beam  passes,  and  by  using  a  tuning  screw  in  the  offset,  idler  cavity.  When  all  three  cavities 
are  tuned  to  approximately  the  same  frequency,  there  are  three  lowest  frequency  TMoi  modes 
of  the  modulating  cavity  structure,  with  the  frequency  separation  between  modes  depending 
on  the  amount  of  magnetic  coupling  (the  area  of  the  coupling  aperture)  between  cavities. 

In  the  past  we  have  used  a  "single-sided"  tuning  plunger,  as  shown  in  Figure  1(a).  With 
the  tuning  plunger  fully  inserted,  the  resonant  frequency  of  a  "pillbox  cavity"  is  essentially 
that  of  a  right  circular  cylinder.  As  the  plunger  is  withdrawn,  the  cavity  becomes  more 
rectangular,  and  the  resonant  frequency  decreases  approximately  as 
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(1) 


f/fo  =  r*^^[l+(a/b)Y^ 

with  the  minimum  value  of  b  being  approximately  equal  to  the  pillbox  radius  a.  Eq.  (1) 
indicates  that  the  maximum  decrease  in  resonant  frequency  afforded  by  this  one-sided  plunger 
mechanism  is  approximately  29%.  This  tuning  range  cannot  be  realized,  however,  because 
the  position  of  the  peak  axial  electric  field  shifts  away  from  the  beam  axis  as  the  plunger  is 
withdrawn,  significantly  decreasing  the  beam-cavity  interaction  strength,  and  decreasing  the 
beam  modulation  over  the  lowest  frequencies  in  the  range. 

To  overcome  this  limitation  we  developed  the  two-sided  plunger  mechanism,  as  shown 
in  Figure  1(b).  With  this  arrangement,  the  peak  electric  field  of  the  modulating  cavity 
remains  nearly  centered  on  the  beam  axis  over  the  entire  tuning  range.  Also  with  this 
arrangement,  the  tuning  range  can  be  further  increased  because  the  area  of  the  coupling 
aperture  can  be  decreased  somewhat  as  the  plungers  are  inserted  into  the  cavities.  For  the  first 
modulating  cavity  constructed  using  this  approach,  the  resulting  frequency  variation  of  the  7t/2 
mode  was  625-865  MHz,  or  +/-16%.  Although  beam  loading  effects  decrease  the  tuning 
range  somewhat,  the  hot  test  tuning  range  can  still  exceed  30%.  This  amount  of  tuning  is 
comparable  to  the  recommended  frequency  range  of  standard  waveguide. 


(a)  asymmetric 
tuning  plunger 


(b)  symmetric 
tuning  plungers 


Figure  1.  (a)  Old-style  asymmetric,  single-sided  tuning  plunger  configuration,  (b)  The  newer  symmetric,  two- 
sided  tuning  plunger  configuration. 


CATHODE  STUDIES 

At  the  present  time  velvet  cathodes  are  used  in  our  high-peak-power  Reltron  tubes.  In 
comparison  with  other  explosive  emission  materials,  velvet  has  some  quite  beneficial 
properties  (low  electric  field  threshold,  high  current  density,  low  plasma  closure  velocity, 
inexpensive).  Unfortunately,  velvet  discharges  a  significant  amount  of  matter  during  a  pulse. 
In  fact,  for  standard  velvets  with  a  linear  tuft  density  of  typically  12  tufls/cm,  the  amount  of 
material  discharged  into  the  vacuum  system  is  of  the  order  of  3x10^^  molecules/cm^  per  pulse. 
The  corresponding  erosion  rate  limits  the  lifetime  of  a  velvet  cathode  to  about  lO’  pulses. 
Moreover,  if  a  velvet  cathode  is  operated  repetitively,  the  increase  in  the  background  pressure 
resulting  from  this  material  release  will  limit  the  achievable  PRF,  depending  on  the  vacuum 
system  specifications  and  the  desired  pulse  duration.  This  limiting  behavior  is  believed  to  be 
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the  result  of  avalanche  breakdown  in  the  anode-cathode  gap.  A  useful  equation  which  relates 
the  allowable  pulse  duration  to  the  pulse  repetition  frequency  (PRF)  is^ 

T  (ns)  <  (3300  S  /  A,  PRF)  (d*/0,07)^  (2) 

in  which  S  is  the  effective  pumping  speed  in  liters/s,  Ac  is  the  cathode  area  in  cm^,  and  d*  is 
the  separation  between  velvet  tufts  measured  in  cm. 

As  a  result  of  these  limitations,  we  have  undertaken  an  investigation  of  the  mechanisms 
involved  in  the  explosive  emission  process  for  velvet  cathodes,  and  we  have  examined  several 
alternate  cathode  materials.  Guided  by  our  experimental  data  and  the  results  of  previous 
workers,^  we  hypothesize  that  the  main  features  of  the  explosive  emission  process  for  velvet 
cathodes  include  the  five  steps  illustrated  in  Figure  2:'* 


Anode  Anode  Anode 


Cathode  d*  Cathode  d* 


Figure  2.  (1)  Surface  flashover  generates  a  cold,  dense  plasma/gas  column.  (2)  The  electric  field  extracts  a 
^ace-charge-limited  current.  (3)  The  current  resistively  heats  the  gas.  (4)  The  gas  columns  expand  at  a  rate 
determined  by  the  gas  temperature.  (5)  The  gas  continues  to  expand  into  the  anode-cathode  gap. 

A  scaling  relationship  deduced  from  a  detailed  modeling  of  these  processes,  which 
appears  to  give  a  good  estimate  of  the  plasma  closure  velocity,  is  given  by 

Vf  (m/s)  =  100  (d*/d)^^''  (3) 

with  the  diode  voltage  in  volts,  d*  is  the  separation  between  velvet  tufts  and  d  is  the  anode- 
cathode  gap  separation.  Assuming  that  the  useful  pulse  duration  is  limited  by  an  increase  in 
the  diode  perveance  of  20%,  then  Eq.  (3)  leads  to  a  limitation  of  the  diode  voltage  pulse 
duration  that  can  be  approximately  expressed  as 

T  (s)<  0.001  d^'^(d*)-^'V"^  (4) 
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with  physical  dimensions  in  meters  and  V  in  volts.  Increasing  the  tuft  spacing  reduces  the 
amount  of  material  vaporized  in  a  pulse  resulting  in  a  longer  useful  pulse  duration  for  a  given 
vacuum  system  and  PRF.  However,  the  increased  tuft  spacing  can  also  limit  the  useful  pulse 
duration  by  increasing  the  plasma  closure  velocity. 

To  investigate  the  validity  of  these  scaling  relationships  we  manufactured  a  cathode 
having  a  tuft  density  of  14  tufts/inch  using  rayon  thread.  With  S  =  150  liters/s,  PRF  =  25  Hz, 
and  Ac  =  28  cm^,  Eq.  (2)  predicts  a  limiting  pulse  duration  of  4.4  ps,  while  with  V  =  150  kV 
and  d  =  4.4  cm,  Eq.  (4)  predicts  a  limiting  pulse  duration  of  only  0.9  ps.  Data  obtained  using 
this  rayon  thread  cathode  indicated  that  the  useful  pulse  duration  was  limited  to  approximately 
0.75  microseconds  by  diode  closure  effects,  and  not  by  the  pulser  repetition  frequency. 


PULSE  SHORTENING 

Pulse  shortening  previously  observed  in  Reltron  tubes  is  believed  to  be  the  result  of 
processes  observed  in  "dirty  electrode"  breakdown  experiments,^  which  are  summarized  as 
follows:  1.  Local  electric  field  enhancement  at  dust  particles  or  microscopic  protrusions 
causes  electron  field  emission,  2.  These  electrons  are  accelerated  in  the  applied  field  and 
impact  other  surfaces,  heating  these  surfaces  and  generating  secondary  electrons  and  photons. 
3.  These  processes  result  in  gas  desorption,  via  electronic  excitations.  4.  The  desorbed  gas  is 
collisionally  ionized.  5.  The  free  electrons  and  ions  are  accelerated,  absorbing  more  energy, 
heating  the  plasma,  causing  more  gas  desorption,  more  plasma,  etc.,  leading  to  breakdown. 

Detailed  examinations  of  our  experimental  data  suggest  that  if  the  peak  field  stress  can 
be  kept  below  about  150  kV/cm,  then  we  should  be  able  to  generate  rf  pulses  of  nominally 
one  microsecond  in  duration.  To  test  this  hypothesis  we  replaced  the  stainless  mesh  grids  in 
the  output  cavities  of  an  L-band  tube  with  plates  having  small  "nosecone"  apertures  (4.45  cm 
dia).  There  was  no  apparent  pulse  shortening  with  these  apertures.  Using  apertures  in  a 
second  extraction  section  as  well,  we  were  able  to  obtain  a  maximum  energy  per  pulse  of 
about  300  joules  with  a  peak  output  power  of  about  400  MW  at  a  charge  voltage  of  45  kV.^ 
Experiments  are  now  underway  to  further  increase  the  energy  per  pulse  using  a  lower 
frequency  tube. 
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ABSTRACT 

An  electron-optical  system  with  a  thermionic  cathode  allowing  production  of  a  0.6  mm 
diameter  thin  rectilinear  electron  beam  with  an  energy  of  250  keV,  current  of  1 5  A  and  pulse 
duration  of  10  ps  in  an  axial  magnetic  field  of  16  kG  is  designed  and  constructed.  A  pumping 
system  transforms  the  straight  beam  into  a  beam  of  electrons  gyrating  around  the  axis  with  a 
velocity  ratio  of  1.5  and  sufficiently  small  velocity  spread.  Results  of  numerical  simulations  and 
experiments  are  presented.  The  obtained  beam  will  be  used  for  Cyclotron  Resonance  Maser 
experiments. 


INTRODUCTION 

Relativistic  Cyclotron  Resonance  Masers  (CRMs)  are  promising  sources  of  coherent 
powerful  radiation  in  the  millimeter/submillimeter  wavelength  range  [1-4].  In  order  to  enhance 
mode  selectivity  a  thin  beam  of  electrons  gyrating  around  the  axis  of  an  axi-symmetric 
microwave  system  is  often  used  in  a  number  of  varieties  of  relativistic  CRMs  (Cyclotron 
Autoresonance  Masers,  High-Harmonic  Large  Orbit  Gyrotrons,  gyro-TWTs  etc  ).  Such  a  beam 
can  excite  only  co-rotating  modes  whose  azimuthal  indices  are  equal  to  the  number  of  the 
resonant  cyclotron  harmonic. 

The  simulations  and  first  experimental  results  on  electron-optical  system  producing  an 
electron  beam  with  unique  parameters  are  presented.  The  obtained  electron  beam  will  be  used 
for  a  millimeter-wave  Large  Orbit  Gyrotron  (LOG)  at  the  5th  cyclotron  harmonic  as  well  as  a 
basis  for  further  development  to  drive  submillimeter  CRMs. 


PECULIARITIES  OF  ELECTRON-OPTICAL  SYSTEM 

As  the  1st  step  to  powerful  submillimeter- wave  CRMs,  a  high-harmonic  LOG  will  be 
experimentally  studied.  The  LOG  is  designed  to  operate  at  the  5th  cyclotron  harmonic,  at 
2  mm  wavelength.  For  effective  operation  it  should  be  driven  by  sufficiently  relativistic  and 
high-current  electron  beam.  Based  upon  parameters  of  an  existing  high-voltage  source  [5]  and 
preliminary  calculations,  the  following  requirements  for  the  electron  beam  were  determined: 
energy  of  250  keV,  current  of  10-15  A,  beam  diameter  of  0.6  mm,  electrons  should  gyrate 
around  the  axis  with  minimum  displacement  of  guiding  centers  and  velocity  ratio  Vj./v'u  >  1.5  in 

a  magnetic  field  of  16  kG.  Efficient  harmonic  operation  requires  also  enhanced  quality  of  the 
beam  compared  to  the  fundamental  gyrotron. 

In  order  to  produce  such  a  beam,  a  two-stage  electron-optical  system  was  designed.  First, 
a  thin  rectilinear  beam  is  formed,  and  then  the  electrons  acquire  the  necessary  transverse 
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velocity  passing  through  a  short  non-adiabatic  pumping  system,  kicker  [4],  The  main  cause  of 
the  particle  velocity  spread  after  passing  a  kicker  is  initial  electron  cyclotron  oscillations  which 
have  different  cyclotron  phases  even  for  a  laminar  axisymmetric  beam  and,  therefore,  are  added 
or  subtracted  to  operating  value  of  the  transverse  velocity  driven  by  a  kicker.  Thus,  the  system 
before  the  kicker  should  provide  a  rectilinear  beam  with  minimum  oscillations.  Assuming  a 
conventional  current  density  for  thermionic  cathodes,  5  A/cm^,  one  obtains  the  required  area  of 
emitting  cathode  surface  of  about  3  cm^,  and,  correspondingly,  a  very  strong  compression, 
over  1000,  for  the  beam  cross-section.  To  achieve  such  a  beam  compression  without  excitation 
of  parasitic  cyclotron  oscillations  a  system  providing  particle  trajectories  parallel  to  the  guiding 
magnetic  field  lines  has  been  designed  and  constructed. 


FORMATION  OF  THE  RECTILINEAR  BEAM 

Following  the  chosen  concept  of  forming  the  required  rectilinear  beam  we  find  that  the 
axial  magnetic  field  at  the  cathode  should  have  a  very  low  magnitude  of  0.015  kG,  which 
corresponds  to  about  8  m  Larmor  period.  Certainly  adiabatic  magnetic  compression,  when  the 
spatial  scale  of  the  magnetic  field  tapering  is  much  smaller  than  the  Larmor  period,  is  very 
inefiicient.  Therefore,  the  particle  motion  in  the  near-cathode  region  is  mainly  determined  by 
fields  of  the  gun  and  the  space  charge,  while  a  system  of  coils  provides  the  matching  of  axial 
magnetic  field  profile  to  the  particle  trajectories.  After  achieving  a  sufficiently  strong  magnetic 
field  a  conventional  adiabatic  compression  can  be  used  for  decreasing  beam  diameter  to 
required  level. 

The  emitting  surface  of  the  cathode  operates  in  the  space-charge-limited  regime.  The  code 
EPOSR  [6]  was  used  for  numerical  simulations  of  the  system.  The  current  distribution  was 
calculated  directly  from  the  condition  E„=0  on  the  emitter  surface.  In  the  cathode-anode  gap,  a 
quasi-Pierce  configuration  of  the  gun  provides  an  electrical  compression  of  the  beam  of  about 
20  times,  while  gun  coils  form  the  corresponding  rapid  magnetic  field  tapering  (Fig.  1). 

After  that  the  electron  Larmor 
period  is  still  quite  large 
(about  300  mm),  therefore  an 
additional  smooth  magnetic 
field  tapering  should  be  used 
for  about  10  times  com¬ 
pression  of  the  beam  before  a 
natural  increase  of  the  main 
coil  field  (Fig.2).  For  the 
optimized  system  the  simu¬ 
lations  predict  a  magnitude  of 
the  electron  parasitic  trans¬ 
verse  velocity  less  than  0.05c 
in  the  rectilinear  beam  of  0.6  mm  in  diameter,  which  is  sufficient  for  the  formation  of  a  helical 
beam  with  acceptable  velocity  spread. 

The  diameter  of  the  straight  beam  for  a  few  points  along  the  system  was  measured 
experimentally  in  a  modeling  regime  with  a  low  voltage  and  current  (22  kV/0.3  A/10  ps). 
Spots  produced  by  the  beam  in  a  perpendicular  scintillator  plate  were  observed.  Results  of  the 
measurements  are  in  a  good  agreement  with  the  results  of  corresponding  simulations. 


z(mm] 


Fig.  1 .  Configuration  of  the  gun  and  electron  trajectories. 
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Fig.2.  Schematic  of  the  electron-optical  system  for  the  rectilinear  electron  beam  formation  and 
spatial  profile  of  the  axial  guiding  magnetic  field. 


FORMATION  OF  THE  HELICAL  BEAM 

The  pumping  of  the  rectilinear  beam  up  to  required  transverse  velocity  is  based  upon  a 
known  technique  of  the  resonant  excitation  of  the  electron  cyclotron  oscillations  in  a  wiggler 
producing  a  spatio-periodical  magnetic  field  with  a  period  close  to  the  electron  Larmor  step. 
Obviously,  reduction  of  the  period  numbers  broadens  operation  of  a  pumping  system  over  a 
magnitude  of  the  guiding  axial  field.  We  use  a  single-period  wiggler,  so-called,  kicker,  which  is 
formed  by  four  rectangular  current  frames  generating  a  perpendicular  component  of  magnetic 
field  (Fig.3).  In  order  to  simplify  the  pumping,  the  kicker  is  located  in  a  region  of  relatively 
weak  guiding  field  (of  about  5  kG).  After  the  kicker,  the  electron  transverse  velocity  is  further 
adiabatically  increased  in  the  tapered  guiding  field  (Fig.3).  The  kicker  was  optimized  to  pump 
the  beam  up  to  necessary  level  of  velocity  ratio  with  minimum  displacement  of  electron  guiding 
centers  from  the  axis  and  minimum  sensitivity  to  electron  position  spread.  For  the  operating 
parameters  simulations  predict  a  transverse  velocity  spread,  (6vi/vi)nns«7%,  which  is 
sufficiently  small  for  an  effective  operation  of  the  5th  harmonic  LOG.  The  kicker  can 
effectively  pump  the  beam  within  a  very  wide  range,  about  50%,  of  the  axial  field. 

The  operation  of  the  pumping  system  was  checked  experimentally.  At  the  operating 
voltage  of  250  kV  and  a  very  low  beam  current  (low  temperature  of  the  emitter  surface)  marks 
made  by  the  beam  on  a  perpendicular  scintillator  target  were  observed  in  the  region  of 
operating  magnetic  field.  The  measured  mean  diameter  of  more  than  2  mm  and  the  thickness  of 
0.5-0. 8  mm  of  the  observed  axially  centered  Larmor  rings  proved  the  correspondence  of  the 
obtained  beam  parameters  to  the  designed  ones. 
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Fig.  3.  Magnetic  fields,  velocity  ratio  for  the  near-axis  electrons,  schematic  of  the  kicker  and 
particle  trajectories  in  the  helical  beam  formation  region. 


SUMMARY 

An  electron-optical  system  producing  a  250  kV/15  A/  10  ps  high-quality  electron  beam 
gyrating  around  the  axis  in  a  magnetic  field  of  16  kG  with  a  velocity  ratio  1.5  is  designed, 
constructed  and  checked  experimentally.  The  formation  of  a  very  dense  (about  5  kA/cm  ) 
rectilinear  beam  is  based  upon  a  combination  of  non-adiabatic  electrical  and  adiabatic  magnetic 
compression  with  a  beam  cross-section  ratio  exceeding  1000.  The  required  particle  transverse 
velocity  is  pumped  by  means  of  a  short  kicker  having  a  very  wide  band  over  the  magnitude  of 
guiding  magnetic  field.  The  obtained  electron  beam  will  be  used  for  the  realization  of  a  Lm'ge 
Orbit  Gyrotron  with  a  designed  output  power  of  50-100  kW  at  the  5th  cyclotron  harmonic  (the 
TEs,!  operating  mode  at  the  wavelength  of  2  mm). 

The  developed  concept  allows  elaboration  of  relatively  compact  electron-optical  systems 
for  high-power  millimeter/submillimeter  sources. 

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research,  Grants  No  96- 
02-16217-A  and  No  96-02-18971. 
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1.  One  of  the  principle  purposes  is  the  research  of  the  most  effective  method  of  extraction 
of  energy  of  the  oscillations  excited  by  an  electron  beam  from  plasma  into  the  outer  space  or 
high  frequency  (HF)  tracks.  The  most  attractive  solution  of  this  problem  is  presented  with  hy¬ 
brid  plasma  waveguides  that  combine  advantages  of  the  both  plasma  waveguides  and  the  stan¬ 
dard  slow  wave  structures.  In  these  systems  a  hybrid  wave  is  generated  [1,2].  The  wave  elec¬ 
tric  field  longitudinal  component  is  maximum  in  the  plasma  volume  and  the  super  high  fre¬ 
quency  (SHF)  power  propagates  in  the  vacuum  structure.  From  the  point  of  view  of  powerful 
microwave  radiation  generation  the  following  structures  are  of  a  special  interest:  the  plasma 
waveguide  enclosed  with  a  periodic  system  of  rings  with  ideal  conductivity  and  the  plasma 
waveguide  filled  with  plasma  partially. 

The  Rieman-Gilbert  method  [3]  is  applied  to  solve  the  problem  of  microwave  radiation 
excitation  by  an  electron  beam  in  the  ring  periodic  structure  filled  with  plasma.  The  radiation 
excitation  nonlinear  dynamics  is  investigated  by  numerical  methods. 

2.  The  slow  wave  hybrid  system  examined  consists  of  a  periodic  chain  of  identical  metallic 
rings  with  radius  a .  The  ring  avails  are  infinitely  thin  and  ideally  conductive.  The  structure  pe¬ 
riod  is  /  and  the  width  of  the  gap  between  the  rings  is  d .  The  ring  waveguide  is  completely 
filled  with  homogeneous  plasma.  An  external  magnetic  field  is  absent.  The  structure  advan¬ 
tages  are  the  compactness  and  the  small  weight.  Along  the  system  axis  an  annular  nonrelativis- 
tic  electron  beam  is  propagating  in  plasma,  it's  modulated  and  its  average  radius  is  a;  .  Here  one 
neglects  the  beam  thickness,  presenting,  the  beam  with  its  surface  current. 

The  solution  method  is  the  following.  Firstly,  solving  the  Maxwell  equations,  one  finds 
the  HF  field  excited  by  the  beam  in  the  entire  space.  Then  the  EMF  inverse  influence  on  the 
beam  particle  motion  is  taken  into  account.  As  a  result  one  obtains  the  self-consistent  nonlinear 
system  of  the  equations  that  describe  the  process  of  EMF  excitation  in  the  ring  hybrid  staic- 
ture. 

In  general  case  the  Flocke  amplitude  expressions  are  bulky.  But  for  nonrelativistic  beams 
and  examining  the  boundary  case  of  the  narrow  slots  djl «  1 ,  one  can  simplify  these  expres¬ 
sions. 

The  electric  field  acting  on  the  beam  particles  may  be  described  with  the  expression: 

ma  \f[pa)G  e  )  f[pa) 

where  p^  ^kl(\-pls),  =  f(pa)K^{pii)- K„(pa)f{pr,),  ifx),  Kfx)  are  the  cylindri¬ 

cal  functions  of  an  imaginary  argument,  =  cojV^  is  the  longitudinal  wave  number  of  the 
beam  modulation,  co  is  the  modulation  frequency,  is  the  beam  initial  velocity. 

The  EMR  energy  flow  per  unit  of  the  ring  structure  length  may  be  described  with  the 
formula 
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e  _ \ _  .2) 

^  8;r  ^  ^  h(pa)\G\^  w\a\jl[w_,a)  + Nl{w_,a^' 

where  w„  =  ^jkl  -h]  ,  h„=kt,+  Imjl ,  k^  =  ajc . 

The  beam  current  Fourier  amplitude  may  be  presented  as 

1 

4  =hP>  P  =  \ exp(2;r/r)(l  +  cosln  r^)dT^ .  (3) 

0 

Here  r  =  (^^  -  z/Fq)/ T  ,  (?o ,  z)  is  time  during  which  the  beam  particle  reaches  the  z  - 

coordinate  if  the  particle  enters  the  system  at  the  moment  is  the  total  beam  current, 

T  =  iKjco  is  the  s  SHF  oscillation  period,  is  the  initial  relative  depth  of  the  beam  current 
modulation.  In  the  (3)  the  integral  is  taken  over  the  moments  of  the  particle  inlets  into  the  sys¬ 
tem. 

The  expression  (1)  and  the  equation  of  the.  beam  electron  motion  in  the  Lagrangian  vari¬ 
ables  in  the  dimensionless  form; 

/  \dv  (  \  dr  \  V  ,  s  K  ~K  CO 

(l -  ve)-  =  Re Cexp(- =  /pexp(- ,«) .  k  =  . «  =  -fo .(4) 

where  e’=--|^4-T77^|2|>«’=P(“'“)  =  “^.  g  =  F«  +  j: ■  K  is  the  beam 
mV^co^a^  I^[pa)'  Q  £  lg[pa)  G 

particle  velocity. 

As  it's  known,  the  Q  -fimction  has  an  imaginary  part  if  the  radiation  condition  is  true  for 
the  Flocke  harmonic  with  the  number  n--\. 


15  30 


Fig.  1 .  Spatial  dependencies  of  the  wave 
amplitude  lC|  (a)  and  dimensionless 
variation  of  beam  particle  energy  flow 

W  (b). 


0  T  ITT  0  T  27r 


Fig.  2.  The  beam  particle  picture  v{r)  at 
different  points  ^ :  (a)  -  13.8,  (b)  -  15.9,  (c)  - 
17.8,  (d)-  19.2,  (e)  -  23.1,  (f)- 38.2. 


The  system  of  the  equations  (4)  yields  the  integral  [4] 
i  1 

W  ~  sin  aj \f\  =  Const ,  W  -^v{\  +  h^  cos  In  r^)dT^  (6) 

0  0 

that  depicts  the  law  of  conservation  of  energy  in  the  considered  system.  In  the  (6)  the  first  ad¬ 
dendum  describes  the  dimensionless  variation  of  the  beam  particle  energy  flow.  The  second 
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term  represents  the  EMW  total  energy  flow  in  the  transversal  direction, 

3.  The  system  (4)  as  been  solved  by  the  numerical  methods  for  various  values  of  the  a 
(;r  >  a  >  0)  and  for  \  =  0.05 .  The  range  nfl  >  a  >  0  corresponds  to  the  "vacuum"  mode 
where  the  dielectric  constant  is  positive  (£■  >0). 

The  results  of  the  numerical  simulations  are  given  at  the  Fig.l,  2  when  a  =  njA  .  As  one 
can  see  at  the  Fig.  la,  at  the  nonlinear  stage  the  wave  amplitude  reaches  its  maximum  and  then  it 
CTtinguishes,  performing  oscillations.  Correspondingly,  (see  the  Fig.lb),  at  the  beginning  the 
W  is  increasing.  Then,  reaching  the  area  of  the  field  absence,  it  becomes  constant.  At  the  Fig,  2 
the  beam  phase  picture  is  presented  at  different  points  (v,  f  =  In  T  +  (p  ,  cp  is  the  field  phase). 
The  Fig. 2  demonstrates  that  the  beam  particle  bunching  occurs  at  the  linear  stage.  At  the  non¬ 
linear  stage  the  bunches  perform  phase  oscillations  in  the  wave  field.  During  this  process  the 
bunches  are  losing  the  particles  and  become  deformed.  Finally  almost  complete  mixing  of  the 
particles  takes  place  on  the  phase  plane,  i.e.  the  beam  becomes  demodulated,  being  spread  in 
velocities.  The  wave  is  emitted  only  from  the  limited  structure  section  where  the  beam  modu¬ 
lation  is  still  preserved. 

The  instability  increment  also  grows  with  increase  of  the  a  -parameter.  The  distance  to 
the  first  maximum  of  the  beam  field  amplitude  is  diminishing.  As  a  matter  of  fact,  practically 
the  amplitude  value  is  not  changed  at  the  first  maximum.  Behind  the  first  maximum  and  farther 
to  complete  extinction  of  the  amplitude  its  oscillation  number  also  increases. 


4.  In  the  plasma  mode  n>  a>  nfl  and  the  plasma  dielectric  constant  is  negative  £  <  0 . 
In  this  case  the  excitation  process  essentially 


Fig.  3.  a)  Spatial  dependence  of  the  wave 
amplitude  |C| ,  b)  dimensionless  energy  flow 
losses  of  the  beam  particles  W  . 


Fig.  4,  The  beam  phase  picture  v(r)  at 
different  points  :  (a)  -  5.5,  (b)  -  6.7,  (c)  - 
9.3,  (d)-  19.2,  (e)-26.2,  (f)  -  36.0. 


mode.  The  fields  induced  in  plasma  modulate 

the  beam.  While  the  bunches  formed  this  way  are  propagating  along  the  diffraction  grating 
built  of  the  ring  system,  they  excite  radiation. 

Let's  examine  the  radiation  influence  on  the  instability  nonlinear  dynamics.  The  results  of  the 
numerical  simulation  are  obtained  for  a  -  Inj^  and  they  are  depicted  at  the  Fig.3,4.  Judging 
by  these  plots,  one  can  be  convinced  of  the  fact  that  at  the  nonlinear  stage  the  wave  amplitude 


-750- 


also  oscillates.  The  oscillation  period  decreases.  The  average  amplitude  is  approximately  equal 
to  the  one  excited  in  absence  of  radiation.  The  energy  flow  losses  W  are  increasing  continu¬ 
ously.  This  fact  testifies  to  the  resulting  deceleration  of  the  beam.  The  wave  phase  velocity  de¬ 
creases.  At  the  Fig.4  the  beam  particle  dynamics  is  depicted  on  the  phase  plane.  As  it's  evident, 
at  the  nonlinear  stage  two  bunches  are  formed.  Their  phase  oscillations  are  opposite  in  direc¬ 
tion.  Put  the  bunches  oscillate  with  respect  to  the  synchronous  phase  value  corresponding  to 
the  beam  deceleration  by  the  field  (in  absence  of  radiation  they  would  oscillate  with  respect  to 
the  potential  pit  bottom).  Thus,  the  beam  bunches  are  being  decelerated  continuously.  Since 
the  wave  phase  velocity  is  determined  by  the  bunch  motion  velocity,  the  wave  is  being  persis¬ 
tently  decelerated  in  synchronous  phase  with  the  beam  as  well.  This  autoresonance  effect  re¬ 
sults  in  the  phase  squeezing  of  the  bunches,  which  can  be  clearly  observed  at  the  phase  picture. 
One  should  notice  that  when  the  radiation  conditions  are  broken  because  of  the  beam  velocity 
decrease,  the  beam  deceleration  stops  immediately.  Notwithstanding  the  fact  that  at  the  first 
maximum  the  field  value  practically  remains  the  same,  the  average  field  decreases  behind  the 
first  maximum,  if  the  value  of  the  a  is  decreasing.  The  wave  amplitude  phase  oscillation  pe¬ 
riod  diminishes  too. 

5.  In  this  work  for  the  first  time  we  have  elaborated  the  linear  and  nonlinear  theories  of 
the  monoenergetic  electron  beam  instability  in  the  hybrid  ring  structure.  Both  the  vacuum  and 
plasma  modes  are  possible.  The  type  of  the  realized  mode  depends  on  the  beam  parameters, 
the  ring  waveguide  geometry  and  plasma  density.  In  the  vacuum  mode  the  instability  is  dissi¬ 
pative  by  nature,  which  is  connected  with  existence  of  SCW  energy  losses  by  excitation  of  the 
fast  SCW  (Vj,^>c)  emitted  into  the  outer  space. 

In  the  plasma  mode  <  0)  the  beam  instability  (automodulation)  is  stimulated  by  the 
fields  induced  in  plasma.  When  the  bunches  formed  this  way  are  propagating  along  the  diffrac¬ 
tion  grating  that  consists  of  the  system  of  periodic  metallic  rings,  the  bunches  are  emitting 
EMW.  Numerical  analysis  demonstrates  that  in  plasma  mode  of  the  radiation  excitation  the 
emission  is  accompanied  by  the  bunch  deceleration.  If  the  EMW  radiative  condition  becomes 
broken,  the  excitation  process  comes  to  an  end.  The  transformation  efficiency  heightens  when 
the  relativistic  beams  are  used. 

Thus,  in  the  hybrid  ring  system  it's  possible  to  realize  conditions  on  which  plasma  pro¬ 
vides  for  the  beam  effective  instability  (the  beam  modulation)  and  the  ring  system  permits  to 
transform  the  slow  waves  excited  in  plasma  into  EMR.  One  should  notice  that  in  the  ring 
waveguide  intensive  disturbance  of  microwave  fields  takes  place  even  in  the  case  of  the  narrow 

slots.  If  the  slot  width  is  being  narrowed  -»  0,  the  radiative  field  decreases  as  l/ln(//c/) .  In 

the  ring  waveguide  its  period  may  be  rather  short  (about  several  mm  in  order  of  magnitude), 
which  makes  the  difference  between  this  and  other  types  of  the  hybrid  structures  (such  as  a 
chain  of  coupled  cavities,  disk-loaded  waveguides,  etc.).  Therefore  usage  of  the  ring  structures 
is  especially  effective  in  the  SHF  band  (in  particular,  for  mm  wavelengths). 

This  work  was  fulfilled  under  financial  support  of  STCU  (project  No  256). 
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1.  Let's  investigate  the  transformation  of  the  plasma  oscillations  excited  by  an  electron  beam 
into  EMR  during  the  nonlinear  interaction  of  HF  plasma  with  LF  ion-sound  waves  in  the  mag¬ 
netized  plasma  waveguide.  While  exciting  a  regular  ion-sound  wave  in  the  nonisothermal 
plasma  are  the  electron-  and  ion  temperatures),  one  creates  the  plasma  density 

periodic  inhomogeneity  (the  diffraction  grating)  with  the  depth  of  modulation  ^i  jn^  =  etpjf 
{Sn,.  is  the  plasma  density  distortion  amplitude,  n^  is  the  plasma  equilibrium  density,  (p^  is  the 
electric  potential  amplitude  of  the  ion-sound  wave).  Plasma  density  periodic  modulation  pro¬ 
vides  for  parametric  coupling  between  the  plasma-  and  electromagnetic  (EM)  waves.  In  the 
plasma  waveguide  the  necessary  condition  of  the  process  realization  is  coexistence  of  both  the 
EMW  and  plasma  wave  at  the  same  frequencies.  In  the  waveguide  filled  with  plasma  partially 
this  condition  is  realizable  [1,  2].  In  this  waveguide  the  EMW  can  propagate  at  the  frequencies 
0)  <  (Op  between  the  plasma-  and  the  outer  conductive  jacket  boundary. 

The  parametric  process  in  question  is  realizable  if  the  conditions  of  time-spatial  synchro¬ 
nism  are  fulfilled  for  the  longitudinal  wave  numbers  and  for  the  frequencies  of  the  interacting 
waves; 

(Oi=co,+  o)^,  k,=  ki+k^.  (1) 


Here  co^,  k  ^  are  the  frequency  and  the  longitudinal  wave  number  of  the  ion-sound  wave  and 
(On,  ki,  are  the  frequencies  and  the  longitudinal  wavenumbers  of  the  plasma  wave  and  EMW, 
correspondingly. 

Acting  on  plasma,  the  HF  feedback  caused  by  the  HF  pressure  amplifies  the  ion-sound 
wave  (the  plasma  density  modulation  depth). 

Let's  consider  a  homogeneous  plasma  cylinder  with  the  radius  a .  Plasma  is  placed  into 
the  co-axial  jacket  with  ideal  conductivity  and  the  radius  d  >a .  The  system  is  situated  in  the 
intensive  magnetic  field  directed  along  the  waveguide  axis  z .  Along  this  axis  a  monoenergetic 
electron  beam  is  propagating  (its  radius  b  {b«a)).  There  are  three  waves  excited  in  the 
waveguide:  the  plasma  wave  amplified  by  the  electron  beam,  the  ion-sound  wave,  and  the 
EMW  propagating  in  the  vacuum  gap  between  plasma  and  the  jacket  conducting  ideally.  All 
these  waves  move  in  the  same  direction  (along  the  z  axis).  Below  we  limit  ourselves  with  ex¬ 
amination  of  the  stationary  processes  of  the  wave  interaction. 

As  it's  already  mentioned,  the  HF  field  feedback  action  on  plasma  amplifies  the  plasma 
density  modulation  depth.  The  following  equation  describes  the  process: 


d'^dn 

df 


-C,S6n  = 


1 

16;r  (o 


(2) 


is  the  HF  field  longitudinal  component.  The  Eq.(2)  yields  the  reduced  equation  of  the  ion- 
sound  wave  amplitude.  The  amplitudes  of  the  interacting  waves  are  described  with  the  system 
of  the  reduced  equations  in  the  dimensionless  variables: 
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=  iWqC^  exp(- /A/)  +  p  +  iAi,C,,  =  iJVC,C*  exp(iAj},  =  iWqq  exp(iA,4 

Here  one  designates:  C, ,  =  a, ,  /v4, ,  are  the  dimensionless  amplitudes  of  the  HF  plasma- 
and  EM  waves,  C^=ajA^  is  the  dimensionless  amplitude  of  the  LF  ion-sound  wave, 

A,  =  Ai^RjR,  ,  A^  =  Aiyja^RjcoR,  ,  A,  =m(oV^e^  jey, ,  d  =  yXhc^ ^ 


I^=mc^fexn  kA,  R,,= 


CO  k,,a^ 


i('^u) 


>  Kt!^ 


are  the  transversal  wave  numbers  of  the  plasma-  and  EM  waves  in  plasma,  K,  ,  =  , 

7]  =  dja ,  ^^y={kl-k^,-kXL  is  the  difference  between  the  'wave  numbers  of  the  interacting 
waves,  A^  =  {kj  -  kX)L  is  the  initial  difference  between  the  beam  velocity  and  the  wave  phase 
velocity, 


W  =  - 


1  COM  0). 


\(0 

,  2  =  po(^  ix)  Jo(^  j)xdx ,  R,  =  , 


"  ~S^R,R,co^^^  27;^’  ^  g  , 

is  the  ion  plasma  frequency  and  is  the  sound  velocity. 

In  the  presented  expressions  it's  supposed  that  co,  =cOi  =co  and  the  difference  between 
the  frequencies  of  the  HF  EMW  and  plasma  wave  is  not  taken  into  account.  Physical  sense  of 
the  coefficients  R^  {a  =  t,l,s)  is  clear.  They  represent  the  ratio  of  the  energy  flow  of  the  cor¬ 
responding  wave  to  the  amplitude  squared; 

s. =*„kr.  (5) 


In  the  right-hand  side  of  this  expression  of  the  plasma  wave  amplitude  the  second  term 
describes  the  plasma  wave  amplification  by  the  beam. 

2.  To  start  with,  let's  consider  a  simpler  physical  case  in  which  the  plasma  density  modulation 
depth  is  given  C,,  =  .  In  particular,  the  plasma  layering  may  be  produced  by  modulation  of 

the  external  magnetic  field  [3].  In  this  situation  the  system  of  two  coupled  equations  of  the 
plasma-  and  EM  waves  amplitudes  describes  the  process  of  radiation  excitation.  In  this  system, 
as  in  the  equations  of  the  beam  particle  motion,  the  integral  describing  the  law  of  conservation 
of  the  system  energy  is  included: 

Si+S,  +  Pf,  =  Const , 

The  S, ,  is  the  total  energy  flow  of  the  plasma-  and  EM  waves,  is  the  beam  power. 

Numerical  simulation  of  the  nonlinear  equation  system  in  order  to  investigate  the  nonlin¬ 
ear  stage  of  excitation  of  the  coupled  plasma-  and  EM  waves  for  different  values  of  the  wave 
coupling  parameter  A  =  when  the  difference  Aj,  =  0,  A,.  =  0 . 


The  coupling  parameter  A  is  varying  within  the  limits  0...1.05.  If  =  1.05,  the  insta¬ 
bility  derangement  takes  place.  At  the  Fig.  1  the  dependencies  of  the  plasma-  and  EM  wave  di¬ 
mensionless  amplitudes  on  the  longitudinal  coordinate  are  plotted  for  A  =  0.15  (the  Fig. la) 
and  A  =  1  (the  Fig.  lb).  When  A  =  0.15  and  the  energy  pumpover  length  essentially  exceeds 
the  amplification  length,  after  exponential  increase  the  amplitudes  of  the  both  waves  amplitudes 
reach  their  maximums  and  then  they  start  to  oscillate.  An  oscillation  of  the  plasma-  and 
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EM  wave  amplitudes  are  stipulated  by  the  phase  oscillations  of  the  beam  bunches  trapped  by 
this  wave.  The  plasma-  and  the  EM  wave  oscillations  are  opposite  in  phase.  That's,  the  plasma 
wave  amplitude  maximum  corresponds  to  the  EMW  amplitude  minimum  and  v.v.  comparing 
the  dimensionless  amplitudes,  one  can  see  that  the  plasma  wave  amplitude  is  approximately  in 
3  times  higher  than  that  of  the  EMW.  The  EMW  amplitude  reaches  its  maximum  at  longer 


Fig.  1 .  Spatial  amplitude  dependencies  of  the 
plasma  c\  and  electromagnetic  |cj  waves 
for  different  values  of  the  A  -parameter. 


-n  ^  T  n 


Fig.  2.  The  beam  phase  picture  at  the 
different  points  ^ :  (a)  -  120,  (b)  -  200, 
(c)  -  280. 

distances  than  the  plasma  wave.  If  A  =  1 ,  the  energy  pumpover  period  is  equal  to  the  inverse 
increment.  In  this  case  the  picture  of  the  coupled  wave  excitation  is  different  in  its  essence.  At 
the  initial  stage  the  plasma-  and  EM  waves  amplitudes  are  increasing  nonmonotonically.  Then 
they  get  into  their  maximums  located  approximately  at  the  same  point.  At  the  initial  stage  the 
amplitude  oscillations  are  stimulated  by  energy  pumpover  from  the  plasma  wave  to  the  EMW 
and  v.v.  One  should  take  into  account  that,  in  contrast  to  the  wave  amplitude,  the  electronic 
efficiency  is  increasing  monotonely  during  this  stage.  The  fact  testifies  to  existence  of  the  wave 
energy  pumpover  effect.  At  the  first  maximum  the  dimensionless  wave  amplitude  values  are 
same  approximately.  Behind  the  maximums  the  amplitudes  oscillate  irregularly.  At  the  Fig. 2 
the  beam  phase  pictures  are  plotted  for  A  =  1 .  Here  it's  depicted  that  at  large  distances  the 
bunch  is  being  destroyed  and  the  particles  become  greatly  mixed  on  the  phase  plane.  As  a  re¬ 
sult,  the  amplitude  oscillations  are  diminishing. 

The  dependencies  of  the  electronic  efficiency  and  beam  power  relative  losses  by  fast 
EMW  excitation  on  the  A  parameter  for  6  -  0.2  show  evident,  while  the  coupling  parameter  is 
increasing  up  to  its  critical  value  A^,. ,  the  maximum  electronic  efficiency  is  also  increasing 
continuously.  At  the  mentioned  critical  point  the  instability  decayes.  In  particular,  when  A  =  1 , 
the  efficiency  is  approximately  equal  to  32%.  This  is  in  1.8  times  higher  than  in  absence  of  the 
wave  coupling.  A  part  of  the  beam  power  expended  on  EMR  excitation  increases  with  increase 
of  the  A  .  When  A  =  1 ,  approximately  the  half  of  the  total  beam  plasma  losses  is  spent  on  ra¬ 
diation  excitation  and  the  plasma  wave  is  excited  by  the  other  half  of  this  power. 

3.  Let's  examine  the  system  of  the  equations  that  take  into  account  the  influence  of  the  HF 
plasma-  and  EM  waves  feedback  on  the  LF  ion-sound  wave.  In  absence  of  the  electron  beam 
the  system  (2)  describes  the  decay  instability  of  the  plasma  wave  that  produces  the  EM-  and 
the  ion-sound  waves.  This  instability  causes  exponential  increase  both  of  the  EM-  and  ion- 
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sound  waves.  The  corresponding  dimensionless  spatial  increment  is  . 

The  decay  instability  increment  is  ~W  for  the  amplitude  value  |C,o|  «  1  determined  by 


the  beam  particle  trapping  by  the  synchronous  plasma  wave  field.  If  fF>  1,  the  decay  instabil¬ 
ity  essentially  influences  the  beam-plasma  instability.  Thus,  the  analysis  demonstrates  that  HF 
plasma-  and  EM  waves  stimulate  the  ion-sound  wave  increase,  i.e.  they  amplify  the  plasma 
density  modulation  depth. 

The  results  of  the  numerical  solutions  of  the  systems  (2)  are  presented  in  the  [4],  in  which 
the  plasma  decay  process  is  investigated.  While  the  electron  beam  is  being  continuously  in¬ 
jected  into  infinite  homogeneous  plasma,  the  decay  of  the  plasma  wave  produces  the  plasma- 
and  ion-sound  waves.  Numerical  analysis  demonstrates  that  the  plasma  wave  transformation 
into  EMW  essentially  influences  the  plasma-beam  instability  dynamics  when  >  0.1 . 

Energy  interchange  between  the  plasma-  and  EM  waves  modulates  the  wave  amplitudes 
with  the  spatial  period  4,^^  ( 4od  ~  ^  ^  )•  The  decay  process  stimulates  the  efficiency  of  the 

power  pumpover  from  the  beam.  If  0.1<W^  <2,  the  beam  power  losses  keep  on  increasing. 
At  the  maximum  they  are  in  2  times  higher  than  in  the  case  of  IF  =  0 ,  in  which  the  HF  plasma 
wave  is  not  transformed  into  EMR.  When  >2,  periodic  modulation  of  the  HF  plasma 
wave  parameters  causes  development  of  the  stochastic  instability  [5].  This  instability  originates 
in  phase  mixing  of  resonance  particles.  The  length  of  the  effective  energy  interchange  of  the 
HF  plasma  wave  with  EMW  decreases  with  growth  of  the  wave  nonlinear  interaction  parame¬ 
ter  W .  For  example,  if  IF  =  1 ,  the  EMW  amplitude  reaches  its  maximum  when 
4.  In  this  work  the  process  of  EMR  excitation  by  an  electron  beam  is  also  investigated  in  the 
case  of  the  plasma  waveguides  where  the  plasma  density  varies  along  the  system  according  to 
the  periodic  (harmonic)  1  aw.  In  the  examined  system  the  plasma  wave  is  synchronous  with  the 
beam.  The  plasma  wave  is  parametrically  coupled  with  the  fast  EMW  propagating  in  the  vac¬ 
uum  gap  between  the  plasma  boundary  and  the  conductive  jacket.  The  coupling  is  stimulated 
by  the  plasma  density  periodic  inhomogeneity. 

It's  demonstrated  that  in  this  system  the  process  of  the  plasma  wave  parametric  transfor¬ 
mation  into  EMR  stimulates  increase  of  efficiency  of  the  power  pumpover  from  the  electron 
beam. 

Plasma  density  periodic  inhomogeneity  may  realized  by  excitation  of  the  short  ion-sound 
wave  in  plasma.  In  this  case  the  ponderomotive  force  of  HF  pressure  creates  the  feedback  of 
the  plasma-  and  EM  waves,  which  causes  increase  of  the  ion-sound  wave  (the  plasma  density 
modulation  depth  amplification)  and,  correspondingly,  diminution  of  the  length  of  the  plasma 
wave  energy  transformation  into  radiation. 

The  work  was  fulfilled  under  financial  support  of  STCU  (project  No  256). 
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Abstract 

Wake-fields  excited  in  a  dielectric  media  can  be  applied  both  for  particles  acceleration 
and  for  HF-power  generation.  In  the  present  work  theoretical  and  experimental  investiga¬ 
tions  are  represented  on  the  generation  of  the  electromagnetic  wake-fields  in  the  dielectric 
tube  by  a  sequence  of  the  relativistic  electron  bunches.  The  obtaining  of  the  peaked  high 
power  due  to  the  coherent  superposition  of  the  wake-fields  of  the  regular  sequence  of 
bunches  and  multi-mode  operation  has  been  investigated.  The  measurements  of  wake- 
fields  output  power  and  the  beam  electron  energy  losses  and  were  performed. 

1.  INTRODUCTION 


Using  of  the  wake-fields  exited  in  dielectric  by  a  sequence  of  electron  bunches  for  high- 
gradient  particle  acceleration  is  proposed  and  investigated  in  [1-3].  Recently  [4]  wake-fields 
are  considered  as  an  effective  means  for  HF-generation  in  plasma-filled  klystron.  In  the  present 
work  the  theoretical  treatment,  simulation,  and  experimental  investigations  of  the  wake-fields 
excitation  in  dielectric-lined  waveguide  for  the  generation  of  peaked  high  power  emission.  As 
it  was  revealed  in  [2,3]  two  essential  virtues  are  being  exploited.  First  of  them  is  the  excitation 
by  many  bunches  regular  sequence  that  allows  to  superpose  coherently  the  wake-fields  excited 
by  each  bunch.  The  second  one  [3]  concludes  to  multi-mode  operation  that  leads  to  peaking  of 
the  excited  HF-power.  So  obtained  HF-field  represents  a  sequence  of  soliton-like  spikes  of  al¬ 
ternative  signs  with  correspondingly  higher  amplitude  comparatively  to  one  principle  mode  ex¬ 
citation. 

In  Sec.2  of  the  paper  the  theory  of  wake-field  excitation  by  a  single  electron  bunch  in 
the  dielectric-lined  circular  waveguide  is  developed  in  contrast  to  plane  geometry  considered  in 
[3].  The  simulation  of  the  wake-fields  excitation  for  parameters  of  the  experimental  investiga¬ 
tions  are  represented  in  Sec.3.  Sec. 4  deals  with  the  description  of  the  experimental  set-up.  The 
results  of  performed  experiments  on  beam  energy  losses  and  HF-power  measurements  are  re¬ 
viewed  in  Sec.  5.  Conclusions  are  made  in  the  last  section. 

2.  THEORY 


Let  slow  wave  structure  represents  a  dielectric  pipe  enclosed  by  a  metal  shell  of  the 
radius  b  and  having  the  vacuum  channel  of  the  radius  a  located  along  pipe  axiz.  Along  the 
channel  bunch  of  the  radius  fq  and  length  Az  moves  with  a  velocity  Vq  .  At  first  we  find  the 
fields  of  an  infinitely  thin  tubular  bunch,  the  charge  density  is  given  by 
p  =  -(eNq/27crq)6(r  -  rq^S^z-  vqt) ,  where  e  is  electron  charge  ,  Nq  is  number  of  electrons 

in  the  bunch.  To  receive  the  equations  for  all  components  of  an  electromagnetic  field  of  TE 
wave  we  use  the  follow  Maxwell  equations: 


+KiEz  =-(4ra/a))Ki  X;E,.  =  (k^/Cffl^s/c^ 


-nl))d^^ldv  ,n^  ^ffls/cK^Er  (1) 
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where  for  all  field  components  magnitude  F  =  J  F  e 


-ik,z+icot 


dzdt ,  the  z-component  of  the 


current  densityjz(r,z,t)  =  VqP,  value  of  a  dielectric  permeability  e  in  vacuum  is  equal  to  1, 
and  in  the  dielectric  medium  it  is  the  transversel  wave  number  Kj^  is  equal  to 
kJ  =  -co^/voYo  for  vacuum  and  ”  ij/^o  for  the  dielectric,  ©-frequency  of 

ocsillations,  c  -  light  velocity,  =  ©/Vq  -  longitudinal  wave  number,  Yq  is  relativistic  factor 
of  the  beam  electrons. 

To  solve  the  equation  (2),  we  shall  divide  the  whole  area  inside  a  waveguide  on  three 
parts:  I  -r<ro,  II  -ro<r<a.  III  -  a<r<b.  The  solutions  in  these  areas  look  like: 

E^z=CiIo(Kvr),  eJ  =C2lo(Kvr)  +  C3Ko(Kvr),  E™  =  C4Jo(Kdr)  +  C5Yo(Kdr) .  Here 
J  j ,  Yj ,  I  j ,  K  j  are  Bessel  functions  of  i-th  order.  C  should  be  found  from  boundary  conditions. 

To  find  wake  field  for  relativistic  bunch  as  a  disc  of  a  finite  length ,  it  is  necessary  in  the 
expressions  for  infinitely  thin  bunch  make  a  replacement  t  ^  t  -  tg  (to-  the  entry  time  for  an 
infinitely  thin  bunch)  and,  using  expression  N  q  =  27iroj(ro,to)/edtodro,  to  integrate  over 
entry  time  and  entry  radius ro .  Here  j  (ro,  to)  is  the  bunch  current  density  at  r  =  rg ,  z  =  0 .  If 
the  charge  density  distribution  of  the  bunch  has  an  step  view,  the  longitudinal  component  of 
the  wake  field  behind  the  bunch  is  equal; 

to(Kygr)l3(Kygr|j)^_2^ 

s  lo(Kvsa) 


Ez=- 


-E-i0(t 


z  sin(©t  /l)  cos(t  -  z/vo  - 1  *  /2) 


^vs®  s/^ 


(2) 


where  t  * -duration  of  the  bunch,  fb  -beam  radius,  j-bunch  current  density,  ©  g-eigen  frequency; 

/  \  B  1 1  f  ^  vs^) 

s/ ~  —  Kjjg  /  \  —  0,E, 


48, 


EhB' 


Io(’^vsa) 


Sd 


2  2  2  *2 
TT  K^a  A 


+  • 


to  vs^)- 


B  =  Ji(Kda)Yo(Kdb)-  Jo(Kda)Yi(Kc|b),A  =  Jo(Kda)Yo(Kdb)  -  Jo(Kda)Yo(Kdb) 


3.  RESULTS  OF  SIMULATION 

The  further  evaluations  are  produced  with  the  help  of  numerical  methods  for  the 
following  sets  of  parameters,  being  used  in  experiments:  b  =  3.5  cm,  a  =  1.1cm,  Yo  = 
fb  =  1.0cm,  r  =  0.0  cm,  Az  =  1.7  cm.  Two  cases  were  considered;  8d  =  10.0  and,  Ed  =  2.6, 
the  number  of  included  mudes  in  expression  (2)  is  equal  to  50.  As  well  as  in  work  [3],  the 
multimode  considerations  for  large  values  8d  leads  concentrating  the  electrical  field  in  narrow, 
periodically  spased  peaks  (fig.  la).  The  is  normalized  on  value  47trbj/c,  ^  is  equal  to 
(t  -  ^Vo)c/a.  For  smaller  8d  (sd  “  2.6),  only  a  few  first  peaks  can  be  determinated  clearly, 

while  there  is  nonregular  oscillation  of  the  electrical  field  on  the  remaining  part  of  the  wake 
field  dependence  on  the  length  (fig.  lb).  For  Sd  =10.0  the  resulting  electrical  field  exceed  the 
first  harmonic  10  times,  while  for  smaller  Sd  =2.6  this  ratio  is  only  3.  The  nonregularity 
caused  by  the  violation  of  the  equaly  spacing  of  the  eigen  frequencies  (©s=©o(n+ 1/2) ,  n- 
integer)  at  small  value  of  8d .  Besides,  increasing  Sd  leads  to  magnifying  amount  of  first 
modes  having  amplitudes  of  the  same  order,  i.e.  bringing  noticeable  contribution  to  the 
resulting  field. 
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It  shows  necessity  to  take  into  account  a  great  number  of  eigen  modes  excited  in  the  structure 
considered. 

4.  EXPERIMENTAL  SET-UP 

Experiments  have  been  run  to  investigate  wave  excitation  in  the  dielectric  structure  by 
a  sequence  of  relativistic  electrons  bunches.  The  schema  of  the  experimental  installation  is 
shown  in  Fig.  2.  The  electron  beam  was  produced  by  a  linear  accelerator  and  had  the  following 
parameters:  energy  2  MeV,  each  bunch  length  60  ps,  number  of  bunches  300  to  6000,  bunch 

diameter  1  cm,  length  1.7cm,  number  of  electrons  per  bunch  2-10^,  beam  modulation  fre¬ 
quency  fo  =  2825  MHz.  The  energy  spectrum  of  beam  electrons  was  AW  /  W  =  8%.  Pa¬ 
rameters  of  dielectric  structures  (DS)  were:  inner  radius  R]  =  1.1cm,  outer  radius 
R2  =  3.5cm,  length  I  =  70cm,  e  =  2.6.  For  comparison,  experiments  were  carried  out  with 
both  DS  and  thin  glass  tube,  whose  inner  diameter  coincides  with  that  of  the  DS. 


Fig.  2.  The  schema  of  the  experimental  installation;  1  -  electron  gun;  2  -  waveguide;  3  - 
matching  load;  4,  10,  1 1  -  corrector  coils;  5,  9  -  Faraday  cups  of  magnetic  analysers;  6  -  cuper 
tube;  7  -  dielectric  structure,8  -  HF  probe,  13  -  disk  loaded  waveguide;  14,  15  -  solenoids. 


5.  RESULTS  OF  EXPERIMENTAL  INVESTIGATOINS 

The  probes  arranged  at  the  output  of  the  structure  have  indicated  the  presence  of  in¬ 
tense  microwave  radiation  at  the  wavelength  A,=10cm  with  both  and  E,-  field  components. 
The  spectrum  width  of  radiation  ( Af  =  10  - 12  M  Hz)  is  of  the  spectrum  width  order  of  the 
accelerator  driving  generator  ( Afo  =  8MHz).  The  microwave  radiation  amplitude  as  a  fraction 
of  the  number  of  bunches  that  have  passed  through  the  structure  (beam  current  pulse  length) 
has  shown  (see  Fig.3)  that  the  field  grows  by  nearly  a  linear  low  up  to  3000  bunches.  Then  the 
saturation  sets.  The  same  conclusion  follows  from  the  comparison  between  the  oscillogram  of 
the  radiation  signal  and  the  beam  pulse  oscillogram. 
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Fig.  3.  Oscillograms  of  the  HF  radiation  pulse  (X, 
300,  A  -  N  -  6000. 

Energy  spectrum  measurements  by  a  mag¬ 
netic  analyzer  at  the  exit  DS  are  repre¬ 
sented  in  Fig.4.  It  is  seen  that  the  spectrum 
peak  is  shifted  by  500  keV,  i.e.  25%  of  the 
beam  energy  are  lost.  At  the  same  time, 
there  are  some  electrons  (about  10%) 
which  have  energy  higher  than  their  initial 
one.  for  a  small  number  of  bunches 
(N=300)  the  shift  of  the  spectral  peak  de¬ 
creased  down  to  100-200  keV.  The  meas¬ 
urements  of  ‘instantaneous’  spectra  have 
shown  that  the  greatest  energy  losses  were 


10  cm)  for  the  number  of  bunches  a  -  N  = 

X 

^max 
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in  the  middle  of  the  beam  current  pulse  Fig.  4.  Electron  beam  energy  spectra.  1- initial 
(t=2|is),  while  the  losses  were  at  the  head  spectrum,  2  -  spectrum  after  interaction  with  di- 
of  beam  pulse. 

6.  CONCLUSIONS 


electric  structure. 


Based  on  the  results  obtained  we  can  draw  the  following  conclusions: 

1 .  The  presence  of  probe-detected  microwave  radiation  at  the  DS  exit,  as  well  as  the  depend¬ 
ence  of  microwave  radiation  amplitude  on  the  number  of  bunches  passed  through  structure, 
give  the  evidence  for  the  summation  of  wake  field  of  the  first  3000  bunches.  Power  intensity 
enhancement  due  to  power  peaking  in  multi-mode  operation  is  being  investigated. 

2.  In  the  process  of  the  bunches  sequence  interaction  with  a  dielectric  structure,  the  electron 
energy  losses  up  to  25%  of  its  initial  value  are  experimentally  observed. 
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1.  The  tasks  of  increase  of  the  HF  power  under  excitation  and  the  microwave  energy 
extraction  into  the  outer  space  are  the  key-problems  of  microwave  electronics.  In  order  to 
solve  them,  it  has  been  proposed  the  application  of  hybrid  plasma  waveguides  [1].  The  hybrid 
plasma  waveguide  is  the  slow-wave  structure  with  its  passage  channel  filled  with  plasma. 
(HPSWS).  In  such  waveguide,  the  principal  advantages  of  plasma  electronics  characteristics 
are  realizable.  Although  there  are  many  works  dedicated  to  the  oscillation  excitation  by  the 
electron  beam  in  plasma,  practically,  any  analysis  is  not  given  to  the  problem  of  plasma 
nonlinearity  influence  on  this  process  -  in  hybrid  plasma  waveguides  at  present. 

In  the  given  brief  report,  we  have  presented  the  first  experimental  investigations  which 
demonstrate  the  dynamics  of  the  microwave  oscillation  excitation  in  a  plasma  of  HPSWS.  On 
the  ground  of  the  examination  performed,  one  can  suppose  that  the  limiting  of  the  oscillation 
power  level  is  conditioned  by  the  plasma  motion  stimulated  by  ponderomotive  microwave 
forces.  We  have  also  presented  the  theoretical  model  which  describes  the  process  observed; 
this  model  can  make  the  basis  of  the  self-consistent  theory  of  the  beam-plasma  interaction  in 
HPSWS.  Besides  the  most  prospective  hybrid  plasma  waveguide  for  the  microwave  beam 
plasma  devices  has  been  shown. 

2.  The  experimental  investigations  have  been  performed  with  the  test  bench  installed 
according  to  the  scheme  of  the  beam-plasma  generator.  In  this  device,  the  hybrid  plasma 
waveguide  is  formed  due  to  the  plasma  generation  by  the  electron  beam  in  a  chain  of  cavities 
coupled  inductively  (CCI)  [2,3,4]. 

The  characteristics  of  the  electron  gun  of  the  test  bench  are  the  following:  the  cathode 
is  the  LaBe  tablet;  the  accelerating  voltage  is  1-40  kV;  the  beam  current  is  0.5-10  A;  the  beam 
diameter  is  10  mm;  the  operating  regime  the  pulse  and  continuous.  CCI  are  placed  in  the 
magnetic  field  up  to  0,1  T.  Some  gas  (argon,  nitrogen)  is  inflated  by  the  device  CHA-1  (an 
automatic  system  of  the  gas  inflation)  through  the  pipe  into  the  end  of  the  slow-wave 
structure.  The  electron-gun  cell  is  pumped  out  by  the  turbomolecular  pump.  Behind  the  slow- 
wave  structure  either  the  collector  diagnostic  unit  or  the  current  collector  capable  of  scattering 
the  beam  power  up  to  200  kW  may  be  placed,  which  depends  on  the  experiment  program. 

The  plasma  nonlinearity  manifestation  must  be  accompanied  with  excitation  of  the 
proper  low  frequency  (LF)  ion  oscillations.  Therefore,  the  experimental  determination  of  the 
frequency  spectrum  and  wavelength  of  the  ion  oscillations  makes  one  of  the  most  important 
stages  in  creating  the  analytical  model  of  description  of  the  beam-plasma  interaction  in  the 
hybrid  plasma  waveguide. 

Low  frequency  ion  oscillations  must  influence  all  the  interaction  parameters.  In  this 
connection,  the  spectra  and  amplitudes  of  LF  oscillations  (20  kHz  -  200  MHz)  are  registered 
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through  the  collector  current,  plasma  density  and  the  envelope  of  HF  oscillations.  The  mutual 
correlation  of  these  measurements  is  carried  out. 

The  dispersion  characteristics  of  LF  oscillations  can  be  restored  through  the 
autocorrelation  functions  of  the  plasma  density  fluctuations  registered  with  the  help  of 
suspended  single  and  double  Langmuir  probes  placed  in  the  beam  fringe  on  the  both  sides  of 
the  hybrid  plasma  waveguide  section.  A  special  method,  based  on  the  analytical  analysis  given 
to  deformation  of  the  video  pulse  propagating  in  the  waveguide,  has  been  supplementary 
elaborated  for  the  same  purposes  [4]. 

3.  The  hybrid  plasma  waveguide  is  intended  for  excitation  of  the  fundamental  zeroth 
spatial  harmonic  by  the  electron  beam  with  the  energy  30-40  keV  in  the  frequency  band  2.4- 
4.4  GHz  when  the  plasma  density  is  lO"  1/cm^.  As  it  has  been  determined  experimentally, 
such  plasma  density  in  the  waveguide  passage  channel  is  obtainable  under  the  gas  pressure 
10'^-5*10'^  mm  Hg.  If  the  beam  velocities  are  synchronous,  the  beam  efficiency  related  to  the 
microwave  oscillation  excitation  makes  40%,  and  the  oscillation  power  reaches  40  kW  in  this 
case. 

The  plasma  resonant  density,  which  provides  the  maximum  power  of  the  oscillations 
excited,  is  obtainable  under  a  certain  correlation  between  the  pressure  and  current  of  the  beam 
when  the  energy  of  the  latter  is  fixed.  There  is  an  optimal  value  of  the  pressure  if  the  beam 
current  is  fixed  and  vice  versa. 

Instantaneous  investigation  of  the  amplitude  of  the  microwave  oscillations  excited, 
which  has  been  performed  with  the  rapid-record  oscillograph,  indicates  that  they  are  purely 
sinusoidal  if  either  the  beam  current  is  being  increased  (under  the  fixed  pressure)  or  the 
pressure  is  being  heightened  (under  the  fixed  current)  and  the  power  reaches  30-40%  of  the 
maximum  value.  A  further  increase  of  the  power  causes  distortion  of  the  signal.  In  the 
oscillation  spectrum,  the  satellites  of  the  resonant  frequency  arise,  and  the  amplitude 
modulation  takes  place  at  the  frequency  of  ion-acoustic  oscillations  and  higher  frequencies  (20 
kHz  -  200  MHz).  The  amplitude  splashes  occur  in  the  packets  5.0-300  jjs.  When  the  average 
value  of  the  power  is  maximum,  its  magnitude  in  the  pulse  packet  can  be  2-4  times  as  much. 
Increase  of  either  the  current  or  pressure  causes  excitation  of  the  oscillations  which  have  the 
form  of  a  sequence  of  short  pulses  recurring  periodically.  Before  the  oscillation  derangement, 
the  number  of  the  pulses  becomes  smaller. 

There  are  the  oscillograms  in  Fig.l  which  demonstrate  the  variations  of  the  power  of 
the  microwave  oscillations  excited.  The  oscillogram  of  the  plasma  density  variation  and  the 
envelope  of  the  microwave  oscillation  power  indicate  that  the  temporal  variation  of  the 
oscillation  power  correlates  with  the  variation  of  the  plasma  density.  (Fig.2). 

The  analytical  calculations  indicate  that  there  are  three  brunches  of  ion  oscillations  in 
the  hybrid  plasma  waveguide  -  the  ion-acoustic,  ion-plasma  oscillations  and  those  of  the  low 
hybrid  resonance.  The  frequencies  belonging  to  these  oscillations  are  registered  in  the 
envelope  of  microwave  oscillations.  The  frequencies  of  ion-acoustic  oscillations  have  been 
determined  through  the  plasma  density  fluctuations  (the  depth  of  modulation  of  the  plasma 
density  is  more  than  50%). 

The  emergence  of  LF  oscillations  in  the  plasma  is  accompanied  by  excitation  of 
supplementary  currents  of  particles  along  the  beam  axis. 

As  phase  velocities  of  LF  oscillations  are  essentially  lower  than  the  electron  beam 
velocity,  one  can  suppose  that  emergence  of  the  LF  oscillations  is  conditioned  by  the 
nonlinear  mechanism  for  the  oscillation  excitation  owing  to  the  energy  of  HF  oscillations. 

4.  We  have  studied  the  self-consistent  stationary  solutions  to  the  equations  describing 
the  beam  instability  in  the  HPSWS  filled  with  plasma,  the  density  of  which  is  disturbed  by  a 
ponderomotive  force.  It  has  been  demonstrated  that  the  instability  saturation  can  be 
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conditioned  by  the  plasma  inhomogeneity  (plasma  nonlinearity)  if  the  beam  current  is  high 
enough.  In  other  words,  plasma  nonlinearity  can  make  a  mechanism  for  the  power  limiting  in 
hybrid  structures..  The  ponderomotive  force  must  be  taken  into  account  in  the  experimental 
device  if  the  microwave  radiation  power  is  higher  than  several  kW’s. 


Fig.  1  Dependence  of  HF  power  W  (in  relative  units)  on  time  r(ps) 
under  increasing  pressure  in  waveguide.  Fig.  2  Dependence  of  HF 
power  W  and  plasma  density  n  (lower  curve)  (both  in  relative  units) 
on  time  r  (ps).  Fig.  3  Dependence  of  the  pulse  power  (upper  curve) 
and  the  mean  power  (lower  curve)  on  the  beam  current  (numerical 
simulation). 


Ponderomotive  forees  condition  a  transition  from  the  oscillation  persistent  excitation 
by  the  electron  beam  to  the  pulsed  excitation.  The  power  of  the  microwave  oscillations 
excited  increases  with  the  heightening  of  the  beam  current.  As  a  consequence  of  this,  the 
plasma  density  decreases  further  in  the  output  area  of  HPSWS,  and  the  wave  phase  velocity 
becomes  decelerated  within  the  plasma  inhomogeneity.  Nearing  the  waveguide  output,  the 
beam  loses  its  energy  as  well,  and  its  velocity  decreases.  At  a  certain  moment,  the  autotuning 
of  the  beam  velocity  in  to  the  wave  phase  veloeity  takes  plaee  in  this  area,  which  provides  the 
inerease  of  the  effectiveness  of  the  beam  energy  transfer  to  the  oscillations.  The  HF  wave 
energy  increase  is  accompanied  by  some  heightening  of  the  HF  pressure.  The  plasma 
inhomogeneity  is  being  displaced  by  the  pressure  towards  the  waveguide  input,  which  reduces 
the  interaetion  effective  length.  In  the  long  run,  this  eauses  derangement  of  the  oscillations 
under  excitation. 

So,  the  theory  elaborated  predicts  the  following  behavior  of  the  microwave  oscillator 
in  the  case  of  the  beam  current  increase.  At  first,  some  regular  excitation  of  the  oscillations, 
the  power  of  which  increases  simultaneously  with  the  beam  current  growth,  takes  place.  If  the 
beam  current  reaches  a  certain  threshold  value,  low-frequency  self-modulation  of  the 
microwave  signal  envelope  comes  into  existence.  Under  the  consequent  current  increase,  the 
self-modulation  becomes  deeper,  and  it  takes  the  form  of  isolated  short  pulses.  In  the  last 
stage,  the  radiation  principal  power  decreases  when  the  beam  current  increases. 

The  numerical  simulations  are  in  the  qualitative  agreement  with  the  system  behavior 
observed  experimentally.  In  the  self-modulation  regime,  demonstrated  in  Fig.l,  the  pulse 
power  increases  when  the  beam  current  grows  -  to  the  contrary  to  the  average  power.  The 
corresponding  dependencies  of  the  pulse-  and  average  powers  on  the  beam  current  have  been 
presented  in  Fig.3. 

The  theory  also  shows  that  the  efficiency  of  the  beam-wave  interaction  in  the  HPSWS 
depends  on  plasma  density  or  gas  pressure  in  the  system  and  reaches  its  maximum  under  some 
density  value.  It  can  be  explained  in  the  following  way.  The  part  of  plasma  density 
inhomogeneity  inereases  under  the  plasma  density  growth.  If  the  density  is  small,  the  beam- 
wave  instability  saturation  is  conditioned  by  the  beam  particles  motion  nonlinearity; 
maximum  value  of  the  wave  amplitude  increases  under  plasma  density  growth  do  to  the 
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increase  of  the  beam-wave  coupling  coefficient.  If  the  plasma  density  is  large  enough,  the 
instability  saturation  is  conditioned  by  plasma  non-linearity  as  it  was  mentioned  above  and  the 
maximal  amplitude  of  the  excited  wave  increase  under  the  plasma  density  growth.  This  is 
conditioned  by  the  fact  that  the  dispersion  eharaeteristics  of  the  SWS  are  determined  by  the 
plasma  density,  and  the  increase  of  the  latter  as  well  as  the  inhomogeneity  causes  more 
stronger  alterations  in  the  wave  phase  velocity. 

The  numerieal  simulations  have  shown  that,  for  the  given  experimental  device,  the 
maximum  efficiency  (relation  of  the  microwave  radiation  power  to  the  beam  power)  reaches 
about  40%  (radiation  power  about  30  -  35  kW).  The  power  value  ealculated  is  very  close  to 
the  one  obtained  experimentally. 

5.  The  results  obtained  confirm  that  the  plasma  nonlinearity  plays  a  large  part  in  the 
mechanisms  limiting  the  power  of  the  oscillations  excited  by  the  beam  in  HPSWS.  Naturally, 
the  question  about  the  concrete  hybrid  structures  which  would  be  preferable  in  designing 
powerful  beam-plasma  microwave  deviees  may  arise.  The  performed  analysis  [6,7]  indicates 
that  at  least  three  types  of  waveguides  can  be  chosen:  the  hybrid  plasma  waveguide,  the 
boundary  of  which  is  formed  with  the  slow-wave  structures  coupled  inductively  (a  chain  of 
the  eavities  coupled  inductively  or  a  structure  of  the  meander-ring  type),  the  hybrid  plasma 
waveguide  on  the  basis  of  comb-like  coaxial  slow-wave  struetures,  the  annular  plasma 
waveguide.  The  last  one  is  the  most  preferable  in  designing  the  beam-plasma  microwave 
generators  and  amplifiers  in  the  millimeter  and  submillimeter  ranges  of  the  wavelengths.  For 
the  beam-plasma  generators,  in  whieh  the  waveguide  of  the  given  types  is  applied,  the 
increase  of  the  radiation  power  is  performed  without  heightening  the  amplitudes  of  electric 
fields  in  the  plasma. 

6.  The  aim  of  our  further  investigations  is  to  determine  the  part  played  by  the  HF 
wave  decay  processes,  which  take  place  simultaneously  with  the  emergence  of  short-wave  LF 
oscillations  in  HPSWS  and  which  can  stimulate  acceleration  of  the  plasma  particles  and 
heating  of  the  plasma.  The  high  temperature  of  electrons  in  plasma  (-100  eV)  and 
supplementary  flows  of  eharged  particles,  which  are  registered  with  the  current  collector, 
indicate  that  the  existence  of  such  processes  is  possible. 

As  a  whole,  all  the  investigations  aim  at  finding  the  methods  in  eontrolling  the 
process  of  the  pulse  generation  of  the  oscillations  and  heightening  the  level  of  power  of  the 
microwave  oscillations  excited  in  hybrid  plasma  slow-wave  structures. 

The  work  is  conducted  under  the  financial  support  from  Science  and  Technology 
Center  in  Ukraine  (STCU)  within  Project  #256. 
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ABSTRACT 

Beam  geometry  influence  on  the  selection  of  the  lowest  slow-wave  modes  of  an 
overmoded  periodic  waveguide  near  the  7x-type  oscillations  in  a  8-mm  wavelength  range  has 
been  investigated.  Possibility  of  linearly  polarized  radiation  generation  has  been  shown. 
Radiation  power  up  to  500  MW  has  been  obtained. 


INTRODUCTION 

The  aim  of  the  investigations  that  are  carried  out  is  the  development  of  gigawatt-  power 
level  generators  in  8-mm  wavelength  range.  To  realize  the  task  that  has  been  set,  multiwave 
Cerenkov  generators  (MWCG)  are  promising.  In  the  previously  made  MWCG  investigations 
[1],  ~1-GW  power  8-mm  wavelength  range  radiation  pulses  have  been  obtained  and  injected 
into  atmosphere.  These  experiments  were  carried  out  at  the  GAMMA  accelerator  with 
microsecond  beam  current  pulse  duration  at  a  long  leading  edge  and  large  beam  thickness 
owing  to  cathode  plasma  expansion  across  magnetic  field.  The  external  beam  diameter  was 
limited  by  the  diameter  of  a  collimator  installed  in  front  of  the  slow- wave  structure  (SWS). 
Generation  of  radiation  was  realized  at  the  beam  currents  close  to  the  starting  ones  owing  to  a 
high  duration  of  the  voltage  pulse  leading  edge.  Radiation  pulse  length  was  much  less  than  the 
beam  current  pulse  duration  that  made  difficult  the  separation  of  influence  of  nonlinear  and 
plasma  processes  on  the  radiation  pulse  length  limitation. 

In  the  paper,  the  results  of  experimental  investigations  under  conditions  when  radiation 
pulse  length  is  close  to  the  beam  current  pulse  length  and  much  longer  than  the  voltage  pulse 
leading  edge  length  are  presented.  Two  series  of  experiments  were  carried  out.  In  the  first  part 
of  the  paper  the  main  attention  is  given  to  the  problem  of  electron  selection  near  the  7t-type 
oscillations  of  the  lowest  axially  symmetric  TMoi-mode  and  nonsymmetric  hybrid  HE]  i -mode 
in  one-sectional  overmoded  SWS.  The  second  part  of  the  experiments  is  devoted  to  MWCG 
investigation. 


EXPERIMENTAL  SETUP  AND  MEASURING  TECHNIQUE 

The  experiments  were  carried  out  at  the  SINUS-7M  accelerator.  Hollow  electron  beam 
with  the  mean  diameter  Db  =  107-rlll  mm  and  a  2-mm  thickness  was  formed  in  the  diode 
with  magnetic  insulation  at  the  voltage  Ud  =  0. 7^1.1  MV.  Voltage  pulse  length  Xp  =  40  ns, 
leading  edge  pulse  length  was  5-4-7  ns.  Magnetic  field  was  changed  in  the  limits  of  6-4-14  kG. 
The  main  part  of  the  experiments  (if  it  is  not  mentioned  specially)  is  carried  out  at  Ud  ~  1  MV, 
beam  current  Ib  «  10  kA,  and  magnetic  field  B  =  12  kG. 
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In  the  experiments,  SWS  sections  with  the  internal  diameter  Dw  =  118  mm  were  used. 
Diaphragms  were  made  as  half-tores  with  a  1.1 -mm  radius,  period  =  3.8  mm.  Section  length 

could  be  regulated  with  a  it  step.  Slow-wave  structures  were  made  of  a  duralumin  alloy. 

Radiation  power  was  determined  by  the  patterns  measured  for  (0,  (p)  polarizations  in  the 
atmosphere.  Radiation  losses  in  the  transmitting  antenna  were  not  taken  into  account.  Pattern 
form  was  visualized  by  means  of  a  gaseous  lamp  board.  Radiation  spectrum  was  measured  by 
bandpass  filters  with  band  width  of  0.5%. 


GENERATORS  WITH  ONE-SECTIONAL  SLOW-WAVE  STRUCTURES 

Hollow  electron  beam  ellipsity  influence  on  the  selection  of  the  lowest  slow-wave  modes 
of  an  overmoded  periodic  wavegude  has  been  studied  experimentally.  Initially,  the 
experiments  were  carried  out  with  the  beam  large  and  small  diameters  of  which  differed  in  3 
mm,  the  mean  one  Db  =  1 10  mm.  A  linearly  polarized  radiation  with  maximum  in  the  pattern 
center  that  corresponded  to  HEn-mode  excitation  was  registrated  at  the  generator  output. 
Cross-polarized  radiation  power  didn’t  exceed  5%  of  the  main  radiation  power.  Wavelength 
A,  =  8.8  mm  in  the  limits  of  the  experiment  accuracy  didn’t  depend  on  the  diode  voltage, 
structure  length,  magnetic  field  (9-14  kG).  At  B  <  9  kG  generation  was  unstable.  Radiation 
spectrum  width  was  1%.  Radiation  pulse  length  at  half-amplitude  was  20  ns.  Fig.  1  presents 

radiation  power  versus  SWS  length  at  Ud  =  1  MV.  Starting  length  Lst=  24-^.  At  SWS  length 

increase  up  to  L  =  56^  radiation  power  decreased  relative  to  maximum  practically  by  a  factor 
of  two. 

P,  rel.  units  P,  rel.  units 


Radiation  power  versus  diode  voltage  at  L  =  l%i  is  presented  in  Fig.  2.  Power  reached 
100^150  MW  in  maximum.  At  Ud  >  1  MV  generation  was  absent.  Radiation  power  sharply 
depended  on  the  beam  diameter.  In  particular,  SWS  heating  in  the  pulsed  magnetic  field  was 
found  to  result  in  the  beam  diameter  decrease  and  generation  disappearance.  This 
circumstance  was  taken  into  account  when  carrying  out  experiments. 

Beam  ellipsity  decrease  (difference  of  the  large  and  small  diameters)  to  1  mm  allowed  to 
realize  generation  regimes  with  preferential  excitation  of  TMoi-mode.  At  the  mean  beam 

diameter  Db  =  108.5  mm,  SWS  length  L  =  48^  radiation  pulses  with  the  power  up  to  1 50  MW 
at  the  wavelength  X  =  8.6  mm  and  spectrum  width  1%  have  been  obtained.  Cross-polarized 
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radiation  power  was  ~10  MW.  Diagram  and  polarization  of  the  main  radiation  corresponded 
to  TMoi-mode  excitation.  Beam  diameter  decrease  by  1  mm  resulted  in  the  power  decrease  by 
an  order  of  magnitude. 

MULTIWAVE  CERENKOV  GENERATOR 

A  two-sectional  SWS  and  a  beam  with  small  ellipsity  and  mean  diameter  Db  =  108.5  mm 
were  used  in  the  experiments  that  allowed,  as  it  was  shown  above,  to  realize  beam  and  field 

interaction  near  the  7t-type  of  TMoi-mode.  The  first  section  length  Li  =  36^  was  less  than  the 
starting  one.  The  length  of  the  second  section  and  drift  tube  Ldr  varied  in  the  experiments. 

Figs.  3  and  4  present  the  power  versus  Ldr  at  L2  =  ‘ill  and  L2  at  Ldr=  28-^,  respectively. 


P,  rel.  units 


P,  rel.  units 


In  the  optimum  regime  (Fig.  4)  radially  polarized  radiation  power  reached  Pe  =  500  MW  that 
corresponded  to  a  5^6  %  efficiency.  Cross-polarized  radiation  power  didn’t  depend  on  Pg  and 
was  ~  10  MW  as  in  a  one-sectional  generator.  Fig.  5  presents  typical  patterns  for  two 
polarizations  for  regime  with  maximum  power.  Wavelength  X  =  8.8  mm,  spectrum  width  was 
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less  than  1%.  Radiation  pulse  length  corresponded  to  the  diode  voltage  pulse  length.  Fig.  6 
presents  typical  oscillograms  of  Ud  and  radiation  pulse  with  0-polarization. 


CONCLUSION 

Beam  geometry  influence  on  the  lowest  mode  selection  of  an  overmoded  periodic 
waveguide  has  been  shown  experimentally.  Ellipsoidal  electron  beam  use  allows  to  obtain 
linearly  polarized  radiation  without  application  of  special  converters.  Improvement  of  electron 
beam  characteristics  in  MWCG  allowed  to  decrease  the  part  of  cross-polarized  radiation  by  a 
factor  of  5  as  compared  with  [  1  ] . 
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ABSTRACT 

Multiwave  Cerenkov  generators  (MWCG)  with  overmoded  two-sectional  slow-wave 
structures  (SWS)  and  different  geometry  of  the  output  section  have  been  investigated.  MWCG 
with  biperiodic  output  section  has  shown  to  have  a  remarkable  property,  and  namely, 
microwave  radiation  power  more  weakly  depends  on  the  distance  between  electron  beam  and 
SWS  surface  than  in  MWCG  with  uniform  section. 


INTRODUCTION 

Investigations  of  overmoded  SWS  carried  out  earlier  [1,2]  have  shown  that  essential  part 
in  the  electron  beam  -  electromagnetic  field  interaction  near  the  7i-type  of  TMoi-mode  have 
longitudinal  electron-electromagnetic  resonances  of  SCSW  -  TMoi(SCSW  is  the  space  charge 
slow  wave).  Investigations  [3,  4]  of  MWCG  with  uniform  sections  have  revealed  a 
determining  influence  of  the  drift  tube  length  on  the  behaviour  of  electron-electromagnetic 
resonances  and  microwave  radiation  characteristics,  and  namely,  efficiency,  stability  from 
pulse  to  pulse,  wavelength,  and  pattern.  The  drift  tube  multifunctionality  advantageously 
distinguishes  MWCG  from  a  one-sectional  generator.  However,  simultaneous  usage  in  full 
measure  of  all  possibilities  of  the  drift  tube  is  a  difficult  and  frequently  contradictory  task.  As 
the  experimental  test  and  numerical  simulation  analysis  have  shown  [4],  application  of 
properties  of  only  one  drift  tube  isn’t  enough  to  solve  the  problems  of  stable  generation  at 
generation  efficiency  higher  than  15%.  First  of  all,  it  is  related  to  the  interaction  of 
longitudinal  modes  resulting  in  the  phases  and  amplitudes  beating.  To  solve  this  problem,  it 
seems  to  be  logical  to  pass  to  a  generator  with  nonuniform  SWS  sections. 

The  aim  of  investigations  is  the  search  of  SWS  which  should  allow  to  obtain  small 
deviations  of  microwave  radiation  parameters  when  changing  electron  beam  parameters  and 
magnetic  field  value  and  should  serve  as  a  basic  constituent  part  of  more  complex  microwave 
generator.  Investigation  results  of  three  variants  of  MWCG  with  the  same  uniform  input 
sections  but  different  output  ones  are  presented  in  the  given  paper.  In  the  first  and  second 
variants  the  output  sections  are  uniform  and  differ  by  the  period  and  diaphragm  geometry.  In 
the  third  variant  the  output  section  is  biperiodic. 


RESULTS  OF  EXPERIMENTAL  INVESTIGATIONS 

Experimental  investigations  were  carried  out  at  the  SINUS-7M  accelerator  with  a  voltage 
pulse  length  Xp  =  40  ns.  Hollow  beam  diameter  Db  ^  2  rb  =  10-11 .8  cm,  magnetic  field  in  the 
SWS  region  B  =  5-15  kG.  Radiation  power  was  determined  by  the  pattern  with  0-polarization 
measured  in  atmosphere.  Radiation  power  losses  in  a  transmitting  antenna  were  not  taken  into 
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account.  Radiation  spectrum  was  measured  by  the  bandpass  filters  with  a  band  width  of  0.5%. 

Fig.  1  presents  schematically  three  variants  of  two-sectional  SWS.  In  the  first  sections 
period  i\  =  1 .45  cm.  In  the  variants  with  uniform  output  sections  (Fig.  la,  ^'2  =  1 .45  cm;  Fig. 
lb,  f'l  =1.4  cm)  diaphragm  geometry  was  chosen  so  that  the  frequencies  of  the  upper 
boundary  of  TMoi-mode  passband  should  be  close.  In  the  third  variant  (Fig.  Ic)  the  output 
section  is  formed  from  the  diaphragms  of  the  output  sections  of  the  first  two  SWS  variants. 
The  internal  diameter  of  periodic  waveguides  and  drift  tube  D  =  2R  =  13  cm,  the  length  of  the 
first  and  second  sections  are  Li  =  13^]  and  L2  =  10^,  respectively,  the  drift  tube  length 
Ldr  =  9.4  cm  . 


Fig.  1. 


MWCG  with  uniform  sections  were  investigated  at  two  values  of  the  diode  voltage  (Ud) 
-  800  kV  and  1000  kV.  Beam  current  (Ib)  was,  respectively,  6.6  kA  and  10  kA.  Figs.  2  and  3 
present,  respectively,  the  dependencies  of  microwave  radiation  power  on  the  gap  between  the 
beam  and  SWS  surface  (b  =  R  -  rb)  and  radiation  spectra  at  Ud  =  800  kV  and  Ib  =  6.6  kA. 


0.8  1.0  1.2  b,  cm  3.2  5  3.3  0  3.3  5  X,,cm 


Fig.  2.  Fig.  3. 

Here  and  below  in  Figures  the  curves  are  designated  hy  the  letters  corresponding  to 
SWS  numbering  in  Fig.  1.  The  efficiency  of  radiation  generation  in  both  cases  was  6-5-8%. 
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At  Ud  =  1000  kV  and  given  Ldr,  the  MWCG  efficiency  with  SWS  depicted  in  Fig.  lb 
decreased  to  l-r3%.  Strong  generation  instability  from  pulse  to  pulse  made  difficult  measuring 
of  microwave  radiation  parameters.  Figs.  4  and  5  present,  respectively,  the  dependencies  of 
microwave  radiation  power  on  the  gap  between  the  beam  and  SWS  surface  and  radiation 
spectra  at  Ud  =  1 000  kA  for  two  other  MWCG  variants. 


Maximum  efficiency  of  MWCG  with  biperiodic  and  uniform  sections  was  7%  and  10%, 
respectively.  Microwave  radiation  pulse  duration  was  limited  by  the  beam  current  pulse 
duration. 

Fig.  6  presents  the  MWCG  pattern  with  a  biperiodic  section.  The  patterns  in  all  cases 
had  analogous  form.  Narrow  spectrum  of  microwave  radiation  (spectrum  width  at  half 
maximum  practically  equals  to  the  filter  band  width)  and  relatively  weak  dependence  of 
microwave  radiation  power  on  the  gap  between  the  beam  and  SWS  surface  for  MWCG  with  a 
biperiodic  section  attracts  attention. 


Comparison  of  stable  generation  regions  at  the  plane  (B,  b)  depicted  in  Fig.  7  seems  to  be 
interesting.  Painted  region  of  stable  generation  (AP/P  <  20%)  relates  to  MWCG  with  uniform 
sections  (Fig.  la).  Shaded  region  (AP/P  <  20%)  relates  to  MWCG  with  a  biperiodie  section.  In 
this  case  instability  of  microwave  radiation  power  at  optimum  relation  between  the  gap  b  and 
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magnetic  field  B  (line  in  Fig.  7)  was  less  than  10%  at  the  beam  power  scattering  APb/Pb  < 
20%. 


0.8  10  1-2  b,  cm 


Fig.  7. 


CONCLUSION 

Application  of  MWCG  with  biperiodic  output  section  of  a  slow-wave  structure 
essentially  extends  the  region  of  microwave  radiation  stable  generation  relative  to  the  changes 
of  electron  beam  and  magnetic  field  characteristics  that  is  especially  important  when  using 
high-current  electron  beams  formed  in  the  diodes  with  explosive-emission  cathodes  to 
generate  long  pulses  (>  100  ns)  of  microwave  radiation. 
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Abstract 

A  description  is  given  of  a  microwave  tube  based  on  the  transit-time  effect  and  condi¬ 
tions  accounting  for  its  feasibility  as  a  high-power,  pulsed  microwave  source  are  outlined. 
The  device  comprises  a  temperature-limited  diode  gun  operating  at  33-kV  cathode  volt¬ 
age  and  40-A  beam  current.  As  indicated  by  2.5D  particle-in-cell  simulations,  a  5.7-GHz 
single  frequency  radiation  has  been  generated  at  the  peak-power  output  level  of  lOOkW. 


Introduction 

The  mechanism  by  which  a  stream  of  electrons  crossing  a  resonant  structure  transfers  en¬ 
ergy  to  cavity’s  characteristic  modes  is  called  a  transit-time  effect.  Without  requiring  an  external 
magnetic  field,  perhaps  the  simplest  microwave  tube  is  the  transit-time  oscillator  [1,2] ,  which 
consists  of  a  cylindrical  cavity  with  the  end  plates  forming  a  diode  in  which  propagates  a  rec¬ 
tilinear  electron  beam.  Early  works  on  transit- time  effect  date  back  to  the  1930’s  with  a  devel¬ 
opmental  3-GHz  device  of  0.25%  efficiency  [3] .  Nevertheless,  the  transit-time  based  oscillator 
can  achieve  a  significant  efficiency  to  be  worth  considered  as  an  attractive  microwave  source 
by  virtue  of  its  simplicity,  as  diode  and  resonator  are  combined  into  a  single  unit  that  makes  for 
a  compact,  lightweight  device.  Recent  advancements  in  the  pulse  technology  has  revived  the 
concept  of  Transit-Time  Oscillator  (TTO)  as  an  attractive  source  of  high-power  microwaves. 

This  article  deals  with  computer  simulation  of  an  axial  transit-time  oscillator,  which  oper¬ 
ates  without  external  guiding  magnetic  field.  Fully  electromagnetic  2.5D,  particle-in-cell  com¬ 
puter  code  KARAT  [4]  has  been  used  to  simulate  TTO  operation.  The  device  is  driven  by  a 
coaxial  transmission  line,  whose  high-voltage  inner  electrode  serves  as  the  gun  cathode.  The 
collector  plate  is  provided  by  a  similar  coaxial  line  from  which  microwave  energy  is  extracted. 
The  diode  runs  in  the  temperature-limited  regime  and  produces  a  40-A  beam  current  at  33  kV 
cathode  voltage.  The  device  is  designed  to  operate  at  5.74GHz  in  the  lowest  order  TMqio  cavity 
mode.  The  chosen  mode  and  frequency  are  arbitrary  and  design  at  other  modes  and  frequen¬ 
cies  are  likely  achievable.  Peak  output  power  of  100  kW,  which  translates  into  a  7.5%  beam  to 
microwave  power  conversion  efficiency,  is  obtained. 
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Numerical  Simulation 

Fig.  1  shows  the  elements  of  the  oscillator,  which,  besides  its  mechanical  simplicity,  has 
circular  symmetry  for  easy  machining  and  assembly.  From  the  cathode,  the  electrons  are  accel¬ 
erated  through  the  diode  gap  and  then  collected  at  the  anode  to  the  right. 


0.0  ^.0  8.0  g  200  ^00 


z  (cm)  t  (ns) 

Fig.  1.  Simulation  setup.  Fig.  2.  Time  history  of  the  RF  field 

The  annular  aperture  in  Fig.  1  couples  the  intermediate  cavity  into  the  output  coaxial  line  of 
characteristic  impedance  .Zq  =  60  In  /Rc  =  50n  that  guides  the  radiation  out  of  the  oscillator. 

For  insulation  purposes,  at  the  left  of  Fig.  1  is  a  structure  filled  with  dielectric  material  and 
composed  of  a  radial  line  connected  to  a  short-circuited  coaxial  line.  The  outer  conductor  of  the 
coaxial  line  is  interrupted  by  the  radial  line  whose  external  radius  is  properly  determined  such  as 
with  the  given  cathode  radius  Rc=2.0cm  and  the  operating  wavelength,  the  radial  line  has  zero 
input  impedance  seen  from  the  coaxial  line  [5]  .  At  the  same  time,  the  coaxial  line  is  made  a 
half- wavelength  long  (measured  in  the  dielectric  medium  with  relative  permittivity  Sr  =  4),  and 
hence  the  input  impedance  seen  looking  toward  the  short-circuited  termination  at  z  =  0,  is  zero, 
so  that  the  gap  in  the  cavity  end  wall  appears  as  a  perfect  conducting  surface  at  the  RF  operating 
frequency,  but  is  open  circuit  at  DC. 


t(ns)  f(GHz) 


Fig.  3(a).  Tune  variation  of  electric  field  Fig.  3(b).  Spectrum  of  the  electric  field 

In  the  simulation  of  the  transit-time  oscillator  operation,  square  cells  of  1mm  in  size  have 
been  used  with  over  one  thousand  particles  representing  the  40-A  electron  beam,  whose  con¬ 
figuration  space  is  shown  in  Fig.  1.  This  plot  is  a  snapshot  at  time  t=470ns  when  the  beam  has 
become  density-modulated  so  that  RF  currents  are  induced  on  the  cavity  walls  to  sustain  the 
oscillations.  The  RF  fields  have  started  to  grow  after  a  time  span  of  200ns  as  indicated  in  Fig. 
2,  that  displays  the  time  history  of  the  electric  field  at  the  observation  point  z=3.8cm,  R=4.0cm 
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lying  on  the  mid  plane  of  the  diode  gap.  We  can  see  that,  apart  from  a  2.0kV/cm  shift  from  the 
origin  due  to  the  cathode  voltage,  the  RF  field  has  reached  the  steady-state  regime  at  around 
t=450ns  with  a  peak  value  of  14.0kV/cm.  More  detailed  information  about  the  axial  electric 
field  is  provided  by  Fig.  3(a)  which  shows  the  field  time  variation  over  the  interval  490-495ns; 
it  is  clearly  seen  that  the  signal  oscillates  with  constant  amplitude  and  at  the  frequency  of  5.7GF[z 
as  evidenced  by  Fig.  3(b). 


t  (ns)  f  (GHz) 

Fig.4(a).  Time  plot  of  total  beam  current  Fig.4(b).  Fourier  spectrum  of  the  current 


The  time  plot  of  the  beam  current  crossing  the  section  at  z=3.8cm  in  the  steady-state  regime 
is  given  in  Fig.  4(a),  and  when  Fourier  analyzed  its  spectrum  shows  up  to  three  harmonics 
present  (Fig.  4(b)),  with  the  amplitude  (27.0A)  of  the  fundamental  component  being  comparable 
to  the  40-A  DC  beam  current. 


0.0  10.0  20.0  .^95  ^97  ,|99  501 


f(GHz)  t(ns) 

Fig.5  Frequency  spectrum  in  TEM  guide  Fig.6.  Time  plot  of  the  output  RF  power 

As  for  the  radiation  that  leaks  into  the  output  TEM  guide  through  the  annular  aperture,  is  in 
Fig.  5  the  spectrum  of  the  radial  electric  field  at  the  point  z=6.0cm,  r=4.5cm.  The  spectrum  has 
a  sharp  peak  of  0.7kV/cm  in  amplitude  centered  at  5.7GHz.  The  corresponding  output  power 
(Fig.  6)  is  obtained  by  integration  of  the  Poynting  flux  across  the  section  at  z=6.0cm  of  the 
outlet.  First  we  note  in  Fig.  6  that  the  pulsating  power  is  always  positive,  implying  that  the 
output  signal  is  a  pure  traveling  wave  that  propagates  to  the  right.  We  can  see  also  that  within 
a  Ins  interval  there  exist  twelve  peaks,  twice  as  much  as  in  the  time  plots  of  the  electric  (Fig. 
3(a))  fields.  This  corresponds  to  two  pulses  per  period,  as  expected  from  the  Poynting  vector 
calculation  involving  the  cross  product  E  x  B. 

Finally,  we  should  mention  that  the  33.0kV  accelerating  voltage  used  has  been  indicated 
by  a  preliminary  parameterization  study,  as  long  as  at  lower  voltages  the  peak  output  power  has 
been  less  than  lOOkW  and  at  Vo  >34kV  no  emission  has  been  observed  after  a  sufficiently  long 
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running  time. 


Conclusions 

We  have  devised  a  single-frequency  oscillator  that  comprises  a  temperature-limited  diode 
gun  operating  at  33kV  cathode  voltage  and  40A  beam  current.  The  diode  gap  acts  as  a  mode  res¬ 
onator  that  excites  an  intermediate  coaxial  TMqio  cavity,  which  in  turn  is  coupled  by  an  annular 
aperture  to  an  output  TEM  coaxial  guide  having  characteristic  impedance  of  SOH. 

On  the  basis  of  2.5D  particle-in-cell  simulations,  the  device  has  produced  an  output  peak 
power  of  lOOkW  which  translates  into  a  DC  to  RF  power  conversion  efficiency  of  7.5%.  Os¬ 
cillations  reach  the  steady-state  regime  on  a  time  scale  of  a  few  hundreds  of  microseconds  after 
the  beam  has  become  density-modulated  in  high-voltage  gap,  where  RF  electric  field  intensities 
of  65kV/cm  have  been  noticed.  However,  this  is  far  below  ^e  Kilpatrick  limit  [6]  for  electrical 
vacuum  breakdown  at  short  wavelength  which  predicts  according  to  Ebr  =  2.5  x  10V/(GHz) 
a  maximum  electric  field  of  6. Ox  lO^kV/cm  at  5.7GHz. 

The  device,  rugged  from  both  a  mechanical  and  thermal  standpoint,  has  a  simple  struc¬ 
ture  with  cylindricad  symmetry  for  easy  machining  and  assembly.  The  peak  power  density 
of  420kW/cm^  restrains  the  oscillator  from  operating  in  CW  regime,  since  this  value  far  ex¬ 
ceeds  the  limit  of  3kW/cm^  for  presently  available  cooling  techniques.  Nevertheless,  for  a 
pulse  duration  Tp=10/xs  and  repetition  frequency  of  250Hz  the  average  ohmic  heating  density 
on  the  anode  inner  surface  reaches  the  acceptable  value  of  l.OkW/cm^.  For  OFHC  copper, 
the  corresponding  temperature  rise  during  the  application  of  the  pulse  can  be  estimated  by  [7] 
AT(°C)  =  0.3Ps(W/cm^)  y'rp(s),  where  Ps  is  the  peak  power  density  at  surface,  giving  400°C. 
As  for  the  emission  density,  the  cathode  should  operate  at  a  current  density  of  13.0A/cm^,  for 
which  an  efficient  pulsed  thermionic  emitter  can  fulfill  this  requirement. 


Acknowledgment 

The  authors  would  like  to  thank  FAPESP  (Brazil)  for  financial  support. 


References 

[1]  A.  B.  Brownwell  and  R.  E.  Beam,  Theory  and  Application  of  Microwaves ,  New  '%rk: 
McGraw-Hill  1947,  Sec.  4.03. 

[2]  C.  H.  Birdsall  and  W.  B.  Bridges,  Electron  Dynamics  of  Diode  Regions,  New  'Vbrk:  Acad¬ 
emic  Press,  1966,  Sec.  1.06. 

[3]  F.  B.  Llewellyn  and  A.  E.  Bowen,  “The  production  of  ultrahigh  frequency  oscillator  by 
means  of  diodes”,  BeW  System  Technical  Journal,  vol.  18,  pp.  280-284, 1939. 

[4]  V  P  Thrakanov,  ''User’s  Manual  for  Code  KARAT”  1994,  Berkeley  Research  Associates, 
Inc.,  Springfield,  \A,  USA. 

[5]  S.  Ramo,  J.  R.  Whinnery,  and  T.  van  Duzer,  Fileds  and  Wives  in  Communication  Electronics, 
New  York:  John  Wiley  &  Sons,  Inc.,  1965,  Sec.  8. 12. 

[6]  G.  S.  Nusinovich,  T.  M.  Antonsen  Jr.,  V  L.  Bratman,  and  N.  S.  Ginzburg,  "Applications  of 
High-Power  Microwaves  ”,  Ed.  by  A.  Y  Gaponov-Grekhov  and  V  L.  Granatstein,  Boston: 
Artech  House,  1994,  Chapter  2. 

[7]  G.  B.  Collins,  "Microwave  Magnetrons  ”,  (M.I.T.  Radiation  Laboratory  Series,  vol.  6),  New 
York:  McGraw-Hill,  1948,  Sec.  12.6. 


-775- 


NUMERICAL  SIMULATION  AND  EXPERIMENTAL  STUDY  OF  THE 
HELICAL  ELECTRON  BEAMS  OF  170  GHZ/IMW  GYROTRONS 


A.N.Kuftin.  V.K.Lygin,  A.S.Postnikova,  V.E.Zapevalov 

Institute  of  Applied  Physics  Russian  Academy  of  Sciences, 
46  Ulyanov  Street,  603600  Nizhny  Novgorod,  Russia 


ABSTRACT 

The  report  presents  the  results  of  the  numerical  simulation  and  experimental  study  of  the 
helical  electron  beams  (HEB)  formed  in  magnetron-injection  guns  of  170  GHz/lMW 
gyrotrons.  The  dependence  of  HEB  parameters  on  the  beam  current  is  analyzed.  The  evolution 
of  the  transverse  velocity  distribution  functions  is  traced  at  the  variation  of  the  beam  current. 


INTRODUCTION 

High  quality  helical  electron  beams  with  required  parameters  is  one  of  the  main  problem 
for  the  creating  of  powerful  high  efficiency  170  GHz  gyrotrons  for  ITER.  For  example 
achievement  of  IMW  output  power  of  gyrotron  with  an  operating  voltage  U  =80  kV  and  the 
efficiency  «  35  %  or  more  is  required  to  a  beam  with  a  current  I  «40  A  and  a  pitch-factor  g 
«1.25  or  higher  (g  =  Vj^  /v^  >  -oscillatory  and  longitudinal  velocity  in  operating  space). 

Thus  a  magnetron-injection  gun  (MIG)  should  provide  formation  of  a  such  beam. 

The  specified  restrictions  were  accepted  in  attention  at  account  of  particular  guns  for 
gyrotrons  with  different  working  mode.  The  results  of  four  possible  versions  of  guns  with 
different  radiuses  of  cathodes  are  presented.  The  design  parameters  are  summarized  in 
Table  1. 

Table  1:  Main  parameters  of  170  GHz/1  MW/CW  gyrotrons 


Operating  mode 

TE28.7 

TE31.8 

TE25.7 

TE25.10 

Output  power,  MW 

1.0 

1.0 

0.5-0.8 

0.7-1.0 

Accelerating  voltage,  kV 

80 

80 

80 

80 

Maximum  beam  current,  A 

45 

45 

45 

45 

Voltage  depression  at 
resonator  center  (40A),  kV 

5.12 

5.29 

5.47 

6.95 

Resonator  radius,  mm 

15.86 

17.9 

14.84 

17.77 

Mean  beam  radius  in 
resonator,  mm 

8.26 

9.13 

7.4 

7.4 

Radius  of  the  cathode  Rc,  mm 

mssKSKHKm 

KKiH 

41.5 

41.5 

Electrical  field  on  the  cathode 
Ec,  kV/mm 

6  3,  (5.6) 

6.3,  (5.8) 

5.8 

5.8 

Pitch-factor 

1.25 

1.25 

1.25 

1.25 
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NUMERICAL  SIMULATION 


The  results  of  a  new  numerical  simulation  procedure  and  experimental  data  for  the  basic 
types  of  beams  are  presented.  For  each  beam  t5T)e  the  dependencies  and  on  the  beam 
current,  including  results,  received  in  the  model  with  finite  initial  velocities  are  received.  It  was 
found,  that  there  are  the  small  devergenses  between  the  data  obtained  from  numerical 
simuliion  at  the  total  formation  length  and  the  ones  find  out  from  calculation  in  the  cathode 
region  only.  The  received  distinctions  are  caused  by  different  value  of  the  beam  potential,  used 
at  the  finding  and  (J  Vj^.  According  to  results  of  the  trajectory  analysis,  the  value  of  the  beam 
voltage  depression  is  rather  close  to  the  theoretical  estimations  [1].  Evolution  of  f{y^)  for 
each  beam  type  along  the  formation  region  and  when  the  current  grows  is  traced. 

The  allowable  value  of  radius  of  the  cathode  for  a  chosen  operating  mode  is  defined  by 
the  value  of  an  acceptable  electrical  field  on  the  cathode  Ec,  which,  as  a  rule,  is  necessary  not 
above  than  6  kV/mm.  Width  of  the  emitter  is  selected  with  the  account  of  extreme  allowable 
density  of  an  emission  current  (usually  it  is  not  recommended  to  exceed  3  A/cm^).  At  selection 
of  an  optimum  configuration  of  electrodes  the  value  of  velocity  spread  5y^  was  not  allowed 
above  than  30  %.  The  specified  restrictions  were  taking  into  account  of  particular  guns  for 
gyrotrons  with  different  operating  modes.  Then  from  numerical  simulation  dependencies 
Sv ^(J)  and  t^{I)  for  each  gun  were  received.  Calculations  were  performed  as  using  model 
with  zero  initial  velocities  (EPOSR  [2])  as  taking  into  account  initial  velocities  (EPOS-V  [3]). 
Evolution  of  transverse  velocity  distribution  function  /(Vj^)  is  traced  with  a  beam  current 
growth.  The  sensitivity  of  the  beam  parameters  to  influence  of  thermal  deformations  of  a  gun 
and  possible  technological  errors  is  investigated.  The  transformation  of  distribution  function 
/(Vj^)  can  serve  one  of  attributes  of  loss  of  beam  stability  [4].  In  considered  guns  infiingement 
unimodality  of  oscillatory  velocity  distribution  function  is  not  registered  at  currents  of  a  beam, 
even  exceeding  design  value  of  the  current  (/=40A).  The  specified  circumstance  allows  to 
hope,  that  offered  MIG  will  provide  formation  of  a  stable  beam  with  acceptable  parameters. 

For  the  operating  mode  TE31.8  in  the  frame  of  limitations  on  an  electrical  field  E^ , 
optimum  radius  of  the  cathode  =51mm.  Thus  on  the  cathode  Eg  «5.8  kV/mm.  For  gyrotron 
with  an  operating  mode  TE28.7  two  versions  of  guns  with  different  radiuses  of  cathode  were 
designed.  In  the  first  version  a  gun  with  Rg  =45. 2mm  was  used.  The  necessary  g  value  need  an 
increased  electrical  field  on  the  cathode  Eg  »6.3  kV/mm.  In  the  second  variant  the  reduction 
Eg  to  5. 5-5. 7  kV/mm  was  reached  by  using  of  the  cathode  with  increased  average  emitter 
radius  (Rg  =47.5mm).  Finally  for  the  operating  mode  TE25,io  Rc  =41 .5  mm  was  chosen.  For  all 
gun  variants  dependencies  ^Vj^(7)  and  t^{I)  and  evolution  f(y are  investigated  (Fig.l- 
Fig.4),  and  at  presence  of  the  disturbances  factors. 
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Fig.  l-Fig.4.  Velocity  spread  5F1  and  oscillatory  energy  of  electrons  as  a  function  of  beam  current. 


EXPERIMENTAL  RESEACH 

The  measurements  were  carried  out  for  guns  with  Rc  =45. 2mm  and  Rc=41.5mm  by  the 
modified  method  of  the  retarding  field  in  the  scale  down  regime  [5]  at  the  automated 
experimental  set  up  [6].  Beams  with  caught  electrons  are  compared  with  beams,  in  which  these 
electrons  are  intercepted  by  a  special  additional  diaphragm.  HEB  formed  in  such  conditions  we 
shall  name  “primary  beam”.  Besides  knowledge  of  the  characteristics  even  for  a  primary  beam 
allows  to  predict  real  beam  stability  and  stability  of  gyrotron  operation  in  oscillation  regimes, 
when  reflected  electrons  take  places.  A  beam,  which  is  measured  without  interception  of 
reflected  electrons,  we  shall  name  “resulting  beam”.  Below  we  will  mark  for  simplicity 
resulting  beam  measurements  as  ID  regime,  and  primary  beam  measurements  as  2D 
regime.The  velocity  spread,  average  oscillatory  energy  and  oscillatory  velocity  distribution 
function  dependencies  on  the  beam  parameters  were  traced  (Fig.  5-Fig.  8).  The  received 
dependencies  ^Vj^and  are  compared  with  results  of  numerical  simulation  and  good 
correlation  is  observed. 
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Fig.5-Fig.6.  Velocity  spread  5V±  and  oscillatory  energy  of  electrons  ix  as  a  function  of  beam  current. 
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Fig.7-Fig.8.  Oscillatory  velocity  distribution  fimctions  at  various  currents. 


CONCLUSION 

Methods  of  numerical  simulation  and  experimental  research  of  HEB  were  developed. 
HEBs  properties  including  the  electron  distribution  functions  over  transverse  velocities 
were  studied  numerically  and  experimentally  in  various  regimes.  In  result  of  numerical 
simulation  and  series  of  experiments  an  electron  gun,  ensuring  formation  of  an  electron 
beam  with  parameters,  necessary  for  170  GHz/ 1  MW  gyrotron,  is  created. 
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ABSTRACT 

The  basic  properties  (velocity  spread,  average  oscillatory  energy  and  oscillatory  velocity 
distribution  function)  of  helical  electron  beams  (HEB)  formed  in  the  magnetron  -injection  gun 
(MIG)  of  powerful  millimeter  wave  range  gyrotrons  are  investigated  experimentally  at  the 
presence  of  electrons,  reflected  by  the  magnetic  mirror  and  locked  in  adiabatic  trap.  Guns  for 
83  GHz,  llOGHz,  140GHz  and  170GHz,  1  MW  power  level  gyrotrons,  forming  quasilaminar, 
regularly  intersecting,  mixed  and  boundary  HEB  (between  quasilaminar  and  regularly  inter¬ 
secting  HEB)  are  considered.  The  results  of  the  experiments  show  that  the  trapped  electrons 
significantly  affect  the  beam  parameters. 


INTRODUCTION 

In  the  magnetron-injection  gun  (MIG)  of  the  powerful  gyrotrons,  which  form  helical 
electron  beams  (HEB),  a  portion  of  electrons  acquired  in  the  gun  the  surplus  oscillatory  energy 
owing  to  the  velocity  spread,  appears  to  be  caught  in  the  adiabatic  trap.  It  was  mentioned  [1], 
that  the  trapped  electrons  are  the  main  factor  that  lead  to  electron  flow  instability.  The  trapped 
electrons’  effect  on  the  helical  beam  parameters  for  the  case  of  stable  beams  was  considered 
theoretically  [2]  and  studied  experimentally  in  centimeter  wave  range  gyrotrons  HEBs  [3],  In 
[3]  it  was  noted  that  the  transition  to  more  short-wave  gyrotrons  having  a  relatively  small 
Langmuir  radius  and  the  trajectory  step  in  the  near-cathode  region,  should,  facilitate  the  im¬ 
provement  of  the  HEBs  quality.  In  this  case,  one  should  expect  attenuation  of  the  trapped 
electrons'  phasing  and,  consequently,  their  influence  on  the  velocity  spread  5  Vj^  and  relative 
oscillatory  energy  t^ . 

Parameters  of  HEBs  can  be  different  when  the  operating  frequency  changes  and  other 
conditions  stay  the  same,  due  to  variation  of  mirror  ratio-  a  {a  =  f  ,  where  B^  and 
B^-  are  magnetic  fields  in  the  operating  space  and  at  the  cathode,  respectively).  According  to 
the  adiabatic  theory  this  coefficient  a  will  be  growing  and  average  velocity  falling  in 
higher-frequency  ranges  at  the  same  other  conditions  [1,4].  Therefore,  at  the  same  t^  one 
should  expect  growth  of  relative  initial  velocity  spread  and,  respectively,  a  greater  share  of 
the  trapped  and  reflected  electrons  in  the  beam. 

Below,  the  basic  properties  of  helical  electron  beams  (HEB)  of  a  millimeter  wave  range 
gyrotrons  are  investigated  experimentally  at  the  presence  of  electrons,  reflected  by  the  mag¬ 
netic  mirror  and  locked  in  adiabatic  trap.  Guns  for,  83 GHz,  1  lOGHz,  140GHz  and  170GHz,  1 
MW  power  level  gyrotrons,  forming  HEB  with  the  different  topology  are  considered.  Some 
results  of  the  experiments,  aimed  at  ascertaining  the  character  of  the  trapped  particles  effect  on 
the  parameters  of  the  millimeter  wave  range  gyrotrons  are  given. 
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MEASUREMENTS 


The  measurements  were  carried  out  by  the  modified  method  of  the  retarding  field  in  the 
scale  down  regime  [3]  at  the  automated  experimental  set  up  [4],  Beams  with  trapped  electrons 
-  “resulting  beam”  (or  ID  regime  )  are  compared  with  beams,  in  which  these  electrons  are  in¬ 
tercepted  by  a  special  additional  diaphragm  -  “primary  beam”  (or  2D  regime  ).  Experimental 
MIG  emitters  are  manufactured  on  LaB6  and  therefore  are  high-temperature  ones. 

Scaled  regimes  are  used,  during  which  the  magnetic  field,  voltage  and  current  decrease  in 
comparison  with  the  operating  values,  according  to  the  scaling  relations  which  guarantee  the 
invariability  of  the  forms  of  trajectories.  The  relative  velocity  spread  S  relative  oscillatory 
energy  function  of  distribution  electron  on  oscillatory  velocities  f(vj  changing  with  the  beam 
current  grow  are  traced. 

EXPERIMENTAL  RESULTS 
a)  MIG  for  83  GHz  gyrotron,  a  =  19 

The  measurements  were  carried  out  for  83  GHz  gyrotron  guns  [4].  in  a  scale  down  regime 
on  automated  installation  described  above.  According  to  [4]  HEB  parameters  depend  signifi¬ 
cantly  on  HEB  topology.  Guns  forming  mixed  (irregularly  intersecting),  regularly  intersecting, 
boundary  (between  quasilaminar  and  regularly  crossed  HEB)  and  quasilaminar  HEB  are  con¬ 
sidered. 


0  10  20  30  40  0  10  20  30  40 

■  BEAM  CURRENT  (A)  BEAM  CURRENT  (A) 


c)  d) 

Figure  1.  The  relative  oscillatoiy  energy  and  the  velocity  spread  5vj^  as  the  beam  current  functions. 
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In  Fig.  la- Id  the  ID-marked  lines  show  the  average  relative  oscillatory  energy  tj^  and  the 
oscillatory  velocities  spread  6vj^  in  MIGs  with  different  beam  topology  [6],  as  functions  of  the 
beam  current  in  the  ID  case.  The  characteristics  of  the  MIG  substantially  acquire  another  form 
in  the  2D  case  -  fig.  la- Id.  It  is  seen  that  the  dependence  become  different  but  not  in  the  great 
degree  as  [3],  the  velocity  spread  decreases  and  the  oscillatory  energy  increases.  Unlike  the 
previous  case,  the  changing  of  values  and  tj^  satisfactorily  agrees  with  the  results  of  the 
trajectory  analysis  performed  without  taking  into  account  reflected  electrons  (see  [4,6]). 

b)  MIG  for  110  GHz  gyrotron,  a  =25 

For  110  GHz  gyrotron  guns  forming  boundary  and  quasilaminar  HEB[8]were  also  inves¬ 
tigated  in  ID  and  2D  regimes.  The  attributes  of  the  MIG  primary  beam  acquire  another  form  in 
ID-regime  compare  with  2D  case.  It  is  seen  that  the  dependence  become  a  little  bit  different, 
the  velocity  spread  decreases  and  the  oscillatory  energy  increases.  The  changing  of  values 
and  t  satisfactorily  agrees  with  the  results  of  the  trajectory  analysis. 

c)  MIG  for  140  GHz  gyrotron,  a  =28 

For  140  GHz  gyrotron  guns  forming  boundary  and  quasilaminar  HEB[8],  were  also  in¬ 
vestigated  in  ID  and  2D  regimes  and  dependencies  of  the  average  relative  oscillatory  energy 
tj^  and  the  oscillatory  velocities  spread  6vj^  as  functions  of  the  beam  current  were  received. 
The  velocity  spread  dependence  5vj^  (I)  of  the  MIG  primary  beam  get  another  form  for  quasi¬ 
laminar  HEB,  and  practically  the  same  for  boundary  one.  It  is  seen  that  the  oscillatory  energy 
G  (I)  dependence  have  no  changes  for  both  HEB  topology.  Like  the  previous  case,  the  change 
of  values  and  satisfactorily  agrees  with  the  results  of  the  trajectory  analysis.  More  detail 

information  on  electron  beam  property  are  included  at  the  electron  distribution  function  in  the 
oscillatory  velocities  f(v^)  [6,9].  Evolution  of  the  f(v^)  as  the  beam  current  grows  has  been 
traced.  For  140  GHz  gyrotron  gun  with  current  10,  30,  and  50A.  Fig.2.a,b  presents  such  f(v^) 
functions  for  the  primary  boundary  beam  and  resulting  one  respectively.  The  distribution  func¬ 
tions  even  for  the  relatively  small  beam  current  lOA  have  the  Gaussian  like  shape  in  the  2D 
case  only.  When  the  beam  current  grows  the  f(v  shape  becomes  more  wide,  especially  for 
resulting  beams.  Even  at  the  50  A  beam  current  the  distribution  functions  have  no  tendency  to 
get  additional  maximum. 

EXPERIMENT  1D  Ub-8kV  EXPERIMENT  2D  Ub-SkV 


a)  b) 

Figure  2.  The  electron  distribution  function  upon  the  oscillatory  velocities. 
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Two  version  of  the  170  GHz  gyrotron  guns  (for  TE  25.10  and  TE  28.7  operating  modes 
[10])  forming  boundary  HEB  also  are  considered; 

d)  MIG  for  170  GHz  gyrotron,  a=3 1 .5 

The  average  relative  oscillatory  energy  t^  and  the  oscillatory  velocities  spread  5vj^  in 
MIGs  with.  Rc=4 1.5mm  (for  TE  25.10  operating  mode),  as  functions  of  the  beam  current  were 
investigated  in  ID  and  2D  regimes.  The  characteristics  of  the  MIG  substantially  acquire  an¬ 
other  form  in  the  ID  regime  compare  with  the  case  2D  regime.  It  is  seen  that  the  dependence 
become  different,  the  velocity  spread  decreases  and  the  tj^  increases  in  the  2D  regime.  f(vi) 
functions  for  the  170  GHz  TE  25.10  gyrotron  gun  primary  and  resulting  beams  with  currents  10, 
30  and  50A  were  studied.  The  distribution  functions  for  the  beam  current  lOA  have  the  Gaus¬ 
sian  like  shape  in  both  the  ID  and  2D  cases.  When  the  beam  current  grows  the  f(v^)  shape  be¬ 
comes  more  wide  and  flat-headed,  especially  for  resulting  beams.  Only  at  the  50  A  beam  cur¬ 
rent  the  distribution  functions  have  a  tendency  to  get  additional  maximum. 

e)  MIG  for  170  GHz  gyrotron,  a  =30 

MIG  for  170  GHz  gyrotron,  with.  Rc=45.2mm  (for  TE  28.7  operating  mode)[10],  demon¬ 
strates  practically  the  same  behavior  as  the  previous  one. 

In  all  the  investigated  cases,  the  beam  corresponds  the  operating  current  value  does  not 
lose  its  stability.  We  may  state  that,  in  spite  of  the  considerable  influence  of  the  reflected  elec¬ 
trons  on  the  velocity  distribution  of  helical  beams,  there  is  a  mechanism  of  particle  removal 
from  the  trap  that  does  not  disturb  HEB  stability. 


CONCLUSIONS 

The  results  of  experiment  in  the  wide  mirror  ratio  interval  show  essential  influence 
trapped  electrons  on  parameters  of  a  millimeter  wave  range  gyrotrons  HEB.  The  interception 
of  the  reflected  electrons  decreases  the  velocity  spread.  The  beam  parameters  with  the  ex¬ 
cluded  trapped  electrons  satisfactory  agree  with  the  calculated  ones  obtained  from  the  trajec¬ 
tory  analysis.  Attenuation  of  the  trapped  influence  on  the  velocity  spread  and  tj^  of  millimeter 
wave  range  gyrotrons  beam  compare  centimeter  one  are  shown. 
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ABSTRACT 

The  investigation  of  beam  generation  in  magnetron  guns  with  small  anode-cathode 
gap  has  been  carried  out.  The  main  attention  was  paid  to  study  of  an  initial  stage  of 
space  charge  arising  and  providing  steady-state  regime  of  secondary  emission 
multiplication. 


INTRODUCTION 

The  problem  of  pulse  and  average  capacity  reiisc  of  UHF  source,  increase  of  their 
durability  is  closely  connected  to  development  of  electron  guns  with  unheating  cathode 
[1-4].  As  known,  magnetron  gun,  cold  secondary  emissive  metal  cathode  to  be  used  in,  is 
characterized  by  long  lifetime  [2]  and  high  density  [4-6]  emission  of  electrons  from  the 
cathode,  by  relative  simpheity  of  its  design  and  can  be  used  for  decision  of  this  problem. 
Besides  that  the  magnetron  gun  with  secondary  emissive  cathode  take  an  interest  for 
creation  of  the  electron  guns  for  accelerators  [7]  and  high-speed  high-voltage  pulse 
engineering  [8].  Despite  of  all  these  advantages  there  is  insufQcient  quantity  of  both 
experimental  and  theoretical  works  to  explain  some  effects  connected  with  beam 
generation.  Particularly,  the  question  on  conditions  and  time  of  spatial  charge 
accumulation  [9,  10]  is  one  of  the  poorly  investigated. 


EXPERIMENTAL  INSTALLATION 

The  present  work  is  devoted  to  an  experimental  research  of  beams  formation  and 
their  parameters  measurement  with  nanosecond  times  of  a  starting  pulse  recession, 
numerical  modeling  of  electrons  trajectories  in  magnetron  guns  with  secondary  emissive 
process  start  by  recession  of  voltage  pulse  from  the  external  generator.  Experiments  were 
carried  out  at  the  installation  which  circuit  is  shown  in  fig.  1.  The  gun  supplies  from  the 
modulator  that  forms  a  rectangular  voltage  pulse  with  amphtude  of  4  --  100  kV,  pulse 
duration  of  2  -  10  ps,  pulses  frequency  of  10  --  50  Hz.  The  pulse  of  negative  polarity 
gives  to  the  cathode  3  of  the  gun.  Anode  4  of  the  gun  is  grounded. 

The  external  pulse  generator  2  with  voltage  amphtude  of  1.5  -  15  kV  and  duration 
of  recession  from  1.5  up  to  70  ns  was  used  to  start  the  secondary  emissive  process.  It 
allowed  to  change  a  steepness  of  voltage  recession  from  50  up  to  1500  kV/ps.  The 
magnetic  field  was  formed  by  the  solenoid  4  with  magnetic  field  intensity  up  to  3000  G 
and  heterogeneity  of  ~±8%  in  the  longitudinal  direction.  Fig.  2  shows  the  distribution  of 

'  This  work  was  supported  by  STCU  (project  #432) 
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magnetic  field  intensity  along  the  solenoid  axis,  the  arrangement  of  magnetron  gun  and 
Faraday  cup.  The  measurement  of  beam  current  was  made  with  the  help  of  the  Faraday 
cup  7  and  resistor  R4  and  sizes  of  the  beam  -  with  the  help  of  imprint  on  a  x>ray  film  and 
on  Mo  foil. 


Fig.  1  -  Experimental  installation  circuit. 


Fig.  2  -  Distribution  of  magnetic  field 
along  the  solenoid  axis  and  gun 
arrangement  (FC  -  Faraday  cup,  A  - 
anode,  C  -  cathode). 


RESULTS  AND  THEIR  DISCUSSION 

The  parameters  dependence  of  electron  beam  from  the  geometrical  sizes  of  the  gun 
were  investigated  within  the  limits  of  change  of  the  cathode  and  anode  diameters  1-3 
mm  and  5  -  14  mm,  respectively  (gun  length  -  100  mm).  The  researches  have  shown  that 
the  start  of  the  gun  occurs  only  at  recession  of  starting  pulse.  The  current  could  be 
generated  in  the  various  moments  of  time  on  the  voltage  pulse  plateau  by  changing  the 
beginning  moment  of  secondary  emission  start.  Fig.  3  shows  typical  oscillograms  of 
voltage  pulses  on  the  cathode,  pulse  of  secondary  emission  start  and  current  of  the  beam 
from  the  Faraday  cup.  The  measurement  of  beam's  current  dependence  from  the 
steepness  of  recession  has  shown  that  the  dependence  has  threshold  character.  So,  the 
stsurt  of  the  magnetron  gun  (cathode  and  anode  diameters  are  2  mm  and  7  mm, 
respectively)  with  the  cathode  voltage  ~  7  kV  occurred  only  with  the  steepness  of 
recession  more  than  1000  kV/ps  (voltage  amphtude  of  starting  pulse  ~  2.4  kV,  duration 
of  recession  ~  2  ns).  The  electron  beam  with  the  current  of  ~  2  A  was  received  with  the 
Tninitnal  meaning  of  cathode  voltage  ~  7  kV  and  magnetic  field  ~  3000  G . 

The  generation  of  beam  with  the  minimal  voltage  on  the  cathode  of  5  kV  occurs 
with  the  minimal  steepness  of  recession  of  300  kV/ps  (voltage  amplitude  of  starting  pulse 
is  4  kV,  duration  of  recession  is  13  ns)  at  magnetron  gun  start  with  other  geometry 
(cathode  and  anode  diameters  arc  2  mm  and  10  mm,  respectively). 

Thus,  the  current  of  the  electron  beam  0.7  --  0.9  A  was  received  with  the  magnetic 
field  of  about  1900  G. 

The  received  experimental  results  show,  that  in  the  first  case  the  electronic  beam 
arises  through  ~  1,5  --  2  ns  and  in  second  one  through  ~  10  ns  after  amphtude  recession 
of  start  pulse.  It  was  also  observed  on  downloading  of  voltage  pulse  on  the  cathode  (see 
fig.  3).  Thus  the  temporary  instabihty  of  the  beam's  current  pulse  beginning  does  not 
exceed  the  duration  of  start  pulse  and  can  reach  the  nanoseconds  units.  In  these 
experiments  the  magnetic  field  changed  according  to  change  of  electrical  one  and 
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optimized  from  the  beam's  generation  point  of  view.  Thus,  the  generation  of  electron 
beam  occurred  in  narrow  limits  of  magnetic  field  change  ±  10%. 

Changing  cross  sizes  of  beam,  it  was  revealed  that  in  both  cases  the  beams  in  crossed 
section  look  like  rings  with  uniform  distribution  of  intensity  on  azimuth  with  internal 
diameter  approximately  equals  to  that  of  the  cathode  with  thickness  of  the  "wall”  of  »1 
mm.  The  measurement  of  the  beam's  sizes  was  made  on  distance  of  180  mm  from  the 
anode  cut  off.  Thus,  as  follows  from  a  curve  (see  fig.  2),  the  magnetic  field  near  to  x-ray 
film  arrangement  decreased  approximately  in  1.8  times  in  comparison  with  that  the 
magnetron  gun  is  situated  in. 

The  given  results  show  that  electron  beam  is  enough  strongly  magnetized  because 
moving  in  falling  down  defocusing  magnetic  field  its  sizes  practically  do  not  change  in 
comparison  with  that  ones  at  5  cm  distance  behind  the  anode  cut  off  It  can  be  used  with 
injection  of  electron  beam  from  the  magnetron  gun  into  other  systems. 


U(kV) 


Fig.  3.  Oscillograms  of  voltage  pulses  (1  - 
x.x.  of  modulator,  2  -  with  beam  generation, 
3  -  primary  pulse,  4  -  current  of  the  beam). 


Calculations  executed  in  one-partial 
approximation  confirm  the  above  given 
results.  They  show  that  electrons  flowed 
from  the  cathode  at  recession  of  the  start 
pulse  voltage  can  collect  the  energy  > 
300  eV  which  is  sufficient  for  secondary 
emissive  duplication  during  1  ns.  It  does 
not  contradict  to  calculations  executed  in 
the  work  [9]  for  cylindrical  magnetron 
diode  with  the  secondary  emissive 
cathode.  In  this  case  the  quantity  of 
primary  electrons  is  insignificant  but  as 
the  steepness  of  recession  is  great  the 
process  of  secondary  emissive  duplication 
goes  rather  effectively. 

It  is  necessary  to  notice  that  in 
experiments  executed  with  magnetron 
guns  within  the  limits  of  cathode  diameter 
change  from  5  mm  up  to  30  mm  and 
anode  one  from  26  mm  up  to  140  mm  in 
the  mode  of  autostart  [4]  with  the 
steepness  of  recession  20...  50  kV/ps,  the 
start  of  the  gun  occurred  through  100... 
500  ns  (depending  on  experiment 
conditions)  from  the  recession  beginning 
of  the  voltage  pulse.  In  this  case  it  is 
necessary  to  acciunulate  significant 
number  of  primary  electrons  for  creation 
of  the  electron  layer  of  spatial  charge. 
Therefore,  the  process  of  accumulation  is 
longer  in  time  and  also  carries  a  statistical 
property  with  disorder  of  tens 
nanoseconds  that  defines  the  temporary 
iostability  of  the  current  pulse  beginning. 

The  results  of  researches  of  various 
magnetron  gun  types  in  the  mode  of 
secondary  emission  start  from  the  external 
pulse  generator  are  given  in  the  table. 
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CONCLUSIONS 

The  carried  out  researches  have  shown  the  possibility  of  spatial  charge  accumulation 
during  1.5  —  2  ns  and  reception  of  electron  beam  with  the  cathode  voltage  of  5  —  7  kV. 
The  tubular  electron  beams  with  the  current  range  of  1  ~  2  A  arc  received  and  (voltage 
range  of  5...  7  kV)  with  internal  and  outside  diameters  of  2  mm  and  3.5  -  4  mm, 
respectively,  at  the  magnetic  field  of  1900...  3000  G. 
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ABSTRACT 

We  are  currently  conducting  a  series  of  experiments  on  coaxial  tubes  which  are  designed 
to  produce  peak  powers  in  excess  of  100  MW  in  X-  and  Ku-Band.  Preliminary  results  have 
indicated  peak  powers  in  excess  of  75  MW  at  8.57  GHz  in  a  three-cavity  first-harmonic  tube 
with  a  gain  near  30  dB  and  an  efficiency  near  32%.  In  this  paper  we  detail  the  optimal  results 
of  this  tube.  We  also  discuss  designs  and  preliminary  cold  test  results  of  a  three-cavity  sec¬ 
ond-harmonic  device,  which  is  expected  to  give  comparable  results  at  17.14  GHz. 


INTRODUCTION 

At  the  University  of  Maryland,  we  have  been  investigating  the  suitability  of  high  power 
gyro-amplifiers  as  drivers  for  linear  colliders  for  over  a  decade.  [1]  To  this  end,  we  have  de¬ 
signed,  constructed,  and  tested  a  variety  of  gyroklystron  and  gyrotwystron  tubes  operating 
from  X-Band  to  Ka-Band.  With  a  440  kV,  160-260  A  beam,  we  were  able  to  produce  about 
30  MW  of  peak  power  in  1  jas  pulses  near  9.87  and  19.7  GHz  with  first-  and  second-harmonic 
gyroklystron  tubes,  respectively.  The  peak  efficiencies  were  near  30%  and  the  large-signal 
gains  were  25-35  dB.  Circular  electric  modes  were  used  in  all  cavities  and  the  average  beam 
velocity  ratio  was  always  near  one.  Efficiency  was  limited  by  instabilities  in  the  beam  tunnel 
preceding  the  input  cavity  and  beam  power  was  limited  by  the  electron  gun. 

The  focus  in  the  past  few  years  has  been  to  upgrade  the  system  to  achieve  peak  powers 
approaching  100  MW  in  X-  and  Ku-Band.  The  increase  in  power  results  from  a  larger  beam 
current,  which  is  achieved  by  maintaining  the  same  current  density,  but  enlarging  the  average 
beam  radius.  Subsequently,  the  tube  cross-sectional  dimensions  are  increased  and  an  inner 
conductor  is  required  to  maintain  cutoff  to  the  operating  mode  in  the  drift  regions.  In  this  pa¬ 
per  we  first  discuss  the  experimental  test  facility.  Then  we  discuss  the  computer  simulations 
before  describing  the  experimental  results  from  our  X-Band  tube.  Finally,  we  mention  our 
Ku-Band  progress  before  closing  with  our  near  and  long  term  goals. 


EXPERIMENTAL  TEST  FACILITY 

The  voltage  pulse  is  generated  with  a  line-type  modulator  which  is  capable  of  producing 
2  ps  flat-top  pulses  at  up  to  2  Hz  with  voltages  and  currents  up  to  500  kV  and  800  A,  respec¬ 
tively.  A  capacitive  voltage  divider  and  a  current  transformer  are  used  to  measure  the  time 
evolution  of  the  voltage  and  current.  Our  single-anode  MIG  is  capable  of  producing  a  500  kV, 
720  A  beam  with  an  average  orbital-to-axial  velocity  ratio  of  a  =1.5  and  an  axial  velocity 
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spread  of  Av^v^  <  10%. 
The  beam  parameters  are 
given  in  Table  I  for  the 
operating  point  where 
maximum  amplification 
occurs.  The  voltage  and 
current  are  measured 
quantities;  all  other  val¬ 
ues  come  from  the 
EGUN  simulations  and 
are  based  on  the  MIG 
geometry  and  the  mag¬ 
netic  field  profile.  The 
actual  theoretical  fields 
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at  the  centers  of  the  three  Figure  1 .  The  three-cavity  microwave  circuit, 

cavities  are  given  in  Ta¬ 
ble  I.  The  axial  field  is  detuned  by  -3.5%  in  the  input  cavity,  -8.8%  in  the  buncher  cavity  and 
-15.4%  in  the  output  cavity. 

The  microwave  circuit  is  shown  in  Fig.  1.  The  key  dimensions  are  given  in  Table  I.  The 
inner  conductor  is  supported  by  two  2  mm  diameter  tungsten  pins  which  intercept  approxi¬ 
mately  3%  of  the  beam.  The  primary  function  of  the  inner  conductor  is  to  force  the  drift  tubes 
to  be  cutoff  to  the  operating  mode.  The  inner  conductor  only  extends  a  few  centimeters  into 
the  downtaper  and  is  rapidly  terminated  after  the  output  cavity.  Lossy  ceramics  are  placed  in 
the  drift  regions  to  help  suppress  spurious  modes.  The  rings  on  the  inner  conductor  generally 
alternate  between  carbon-impregnated  alumino-silicate  (CIAS)  and  80%  BeO-20%  SiC.  Two 
layers  of  lossy  ceramics  are  placed  along  the  outer  conductor  in  the  drift  regions.  The  outer 
layer  is  BeO-SiC  and  the  inner  layer  is  CIAS. 

The  input  cavity  is  defined  by  a  decrease  in  the  inner  conductor  radius  and  has  a  length 
that  matches  the  width  of  X-band  waveguide.  The  cavity  loss  is  roughly  evenly  divided  be¬ 
tween  the  diffractive  loss  of  the  coupling  aperture  and  the  ohmic  loss  of  the  cavity.  The  latter 
loss  is  provided  by  a  CIAS  ring  on  the  inner  conductor  which  is  placed  adjacent  to  the  cavity 
and  is  separated  by  a  thin  copper  section  which  is  adjusted  to  produce  the  proper  Q.  The 
power  to  the  input  cavity  is  supplied  by  a  150  kW  coaxial  magnetron.  The  buncher  cavity  has 
identical  dimensions  for  the  metal  components.  However,  the  Q  is  determined  entirely  by  the 
ohmic  loss  of  the  adjacent  CIAS  ceramics.  The  output  cavity  is  defined  by  radial  changes  on 
both  walls  and  the  lip  radii  are  equal  to  the  drift  tube  radii.  The  quality  factor  is  dominated  by 
the  diffractive  Q  which  is  adjusted  by  changing  the  length  of  the  coupling  lip. 


THEORETICAL  AND  EXPERIMENTAL  FIRST-HARMONIC  RESULTS 


A  partially  self-consistent  large-signal  code  is  used  to  design  the  circuit  and  magnetic 
field  configuration  and  to  estimate  the  performance  of  the  tube  at  the  actual  operating  point.  A 
small-signal  start-oscillation  code  is  used  to  determine  the  stability  properties  of  the  cavities 
and  set  limits  on  the  cavity  quality  factors.  The  solid  line  in  Fig.  2  shows  the  expected  per¬ 
formance  of  the  tube  as  a  function  of  velocity  spread  for  a=1.5.  The  simulation  predicts  a 
zero-spread  efficiency  of  43%,  and  an  efficiency  of  34%  for  10%  spread.  For  the  6%  spread 
predicted  for  a  500  A  beam,  the  simulated  interaction  efficiency  is  about  40%.  All  microwave 
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Table  I.  The  system  parameters. 


Beam  parameters 

Beam  Voltage  (kV) 

470 

Beam  Current  (A) 

505 

Average  Velocity  Ratio 

1.05 

Axial  velocity  spread  (%) 

4.4 

Average  beam  radius  (cm) 

2.38 

Magnetic  field  parameters 

Input  cavity  field  (kG) 

5.69 

Buncher  cavity  field  (kG) 

5.38 

Output  cavity  field  (kG) 

4.99 

Inner  radius  (cm)  1 .  b 

Outer  radius  (cm)  3.3: 

Length  (cm)  2.2' 

Quality  factor  65 : 

Buncher  cavity  parameters 


1.10 
3.33 
2.29 
65±  10 


Inner  radius  (cm) 

1.10 

Outer  radius  (cm) 

3.33 

Length  (cm) 

2.29 

Quality  factor 

75±  10 

Output  cavity  parameters 


•  simulated  design  point 
— •  -  simulated  operating  point  4 

experimental  data 

1  2  3  4  6  6  7  1 

Axial  velocity  spread  (%) 


Figure  2.  Efficiency  versus  velocity  spread.  Output  cavity  field  (kG)  4.99 

cavities  are  expected  to  be  stable  at  the  design  Input  cavity  parameters 

operating  point  for  the  quality  factors  indicated  Inner  radius  (cm) _ I  IQ _ 

in  Table  I.  Outer  radius  (cm) _  3.33 

The  optimal  parameters  and  experimental  Length  (cm) _ 2.29 

results  have  been  listed  in  Table  I.  The  values  are  Quality  factor  65  ±10 

all  taken  from  anechoic  chamber  measurements.  Buncher  cavity  parameters _ 

The  time  dependence  of  the  beam  voltage,  beam  Inner  radius  (cm)  1.10 

current,  and  the  amplified  signal  are  shown  in  Outer  radius  (cm)  3.33 

Fig.  3.  There  is  a  slight  droop  on  the  flat  top  due  Length  (cm)  2.29 

to  mismatches  in  the  modulator.  The  peak  values  Quality  factor  75~±To 

indicated  in  Table  I  represent  the  average  value  Output  eavity  parameters 

of  the  signal  in  the  flat  top  region.  The  peak  i„ner  radius  (cm)  TToT - 

power  is  about  75  MW,  which  represents  an  effi-  -77— - t- — ^ - - 

^  ^  .  .  Outer  radius  (cm)  3.59 

ciency  of  nearly  32%.  The  corresponding  gam  is  -j— . 7^^  s - - 

almost  30  dB  and  the  pulse  width  is  1.7  us  I  ,■  V - \'.r 

1  ^  Quality  factor  135  ±10 

further  by  raising  the  beam's  velocity  ratio  result  Drift  tube  parameters  _ 

in  a  sharp  cut  in  the  output  signal  near  the  Inner  radius  (cm)  1 .83 _ 

maximum  value  which  is  usually  indicative  of  an  Outer  radius  (cm) _ 3.33 _ 

instability  (though  none  were  detected  by  the  Length  (between  1-B)  (cm)  5.18 _ 

microwave  diagnostics).  Length  (between  B-0)  (cm)  5.82 

An  EGUN  simulation  using  the  parameters  Amplifier  Results _ 

of  the  operating  point  indicate  that  the  beam's  Drive  Frequency  (GHz)  8.60 

velocity  ratio  at  the  entrance  to  the  circuit  is  near  Output  power  (MW)  ~75 

one.  There  is  a  reasonably  large  uncertainty  in  Pulse  length  (ps)  L7 

this  ratio  due  to  the  neglect  of  the  self-axial  Gain  (dB)  29.1 

magnetic  field  in  EGUN  and  the  uncertainty  in  Efficiency  (%)  3L5 

the  applied  field  at  the  cathode.  In  a  previous  ex¬ 
periment  at  the  University  of  Maryland,  for  example,  the  measured  average  velocity  ratio  was 
consistently  higher  than  the  simulated  ratio  by  about  1 5%.  [2]  Simulations  of  the  amplifier 
performance  at  the  operating  point  are  given  by  the  dashed  line  in  Fig.  2.  The  simulated  cath¬ 
ode  magnetic  field  is  adjusted  slightly  to  produce  the  best  match  between  the  theoretical  effi¬ 
ciency  and  the  measured  efficiency,  which  is  indicated  by  the  cross.  The  required  field  is 
about  20  G  lower  than  the  calculated  ideal  field  and  well  within  the  uncertainties  of  the  ex¬ 
perimental  data. 


Inner  radius  (cm) 
Outer  radius  (cm) 
Length  (cm) 
Quality  factor 


1.01 

3.59 

1.70 

135±  10 


Drift  tube  parameters 


Inner  radius  (cm) 

1.83 

Outer  radius  (cm) 

3.33 

Length  (between  I-B)  (cm) 

5.18 

Length  (between  B-0)  (cm) 

5.82 

Amplifier  Results 

Drive  Frequency  (GHz) 

8.60 

Output  power  (MW) 

75 

Pulse  length  (ps) 

1.7 

Gain  (dB) 

29.7 

Efficiency  (%) 

31.5 
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SECOND  HARMONIC  TUBE 

The  second  harmonic  tube  is  real¬ 
ized  by  keeping  the  first  harmonic  tube’s 
input  cavity  but  replacing  the  buncher 
and  output  cavities  with  ones  that  reso¬ 
nate  at  twice  the  drive  frequency  in  the 
TEo2i  mode.  Such  cavities  are  normally 
difficult  to  realize,  because  the  cavity’s 
end  walls  generate  other  radial  modes 
due  to  the  beam  tunnel  opening.  For 
cavity  isolation,  the  fields  must  not  leak 
substantially  into  the  drift  regions,  yet 
the  operating  frequency  is  well  above  the  cutoff  of  the 
TEq,  mode.  In  circular  waveguide  systems,  the  usual 
way  to  avoid  this  problem  is  to  introduce  smoothly- 
varying  wall  radii,  but  the  added  length  of  these  transi¬ 
tions  is  usually  unacceptable.  Fortunately,  in  coaxial 
tubes,  making  the  radial  wall  transitions  that  define  the 
TEo2i  cavity  approximately  equal  on  the  inner  and  outer 
walls  naturally  leads  to  a  mode  with  very  little  conver¬ 
sion  to  the  TEq,  modes  and  subsequent  leakage  fields. 

The  principal  design  parameters  for  our  three  cavity  2"'* 
harmonic  tube  are  given  in  Table  II  along  with  the 
simulated  performance  estimates.  At  this  point,  the  tube  has  been  entirely  constructed,  the 
cavities  have  been  adjusted  to  achieve  the  required  frequencies  and  quality  factors.  And  we 
are  currently  installing  the  tube  in  our  test  facility.  Hot  testing  should  commence  soon. 


Figure  3.  Time  dependence  of  the  output  pulse. 

Table  II.  The  2"'*  harmonic  design. 


Beam  voltage  (kV) 

500 

Beam  current  (A) 

770 

Velocity  ratio 

1.51 

Input  cavity  Q 

50 

Buncher  cavity  Q 

389 

Output  cavity  Q 

320 

Gain  (dB) 

49 

Efficiency  (%) 

41 

Output  power  (MW) 

158 

SUMMARY 

In  summary,  we  have  developed  an  X-band  coaxial  gyroklystron  which  has  increased  the 
state-of-the-art  in  peak  power  for  gyroklystrons  by  nearly  a  factor  of  3.  In  the  near  future  we 
will  test  our  2"'*  harmonic  tube,  with  the  goal  of  obtaining  about  100-150  MW  of  peak  power 
at  17.136  GHz.  We  will  investigate  the  limitations  on  velocity  ratio  in  greater  detail  and  at¬ 
tempt  to  increase  the  nominal  velocity  ratio  to  the  original  design  value.  In  the  long  term  we 
expect  to  build  and  power  a  17.136  GHz  accelerator  structure  with  an  accelerating  gradient 
near  200  MV/m. 
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Coaxial  vircator  is  a  novel  high  power  microwave(HPM)  generator,  in  which  an  annular 
virtual  cathode  is  formed  inside  the  anode  screen  due  to  the  injection  of  electron  beams  along 
radial  direction,  and  its  temporal  and  spatial  oscillation  along  with  the  reflected  electron 
oscillating  in  the  potential  well  give  HPM  output. 

Because  of  the  preferable  geometry  for  HPM  generation, 
coaxial  vircator  can  theoretically  give  higher  efficiency 
and  narrower  output  bandwidth  than  that  of  the  planar 
vircators. 

The  main  part  of  the  coaxial  vircator-coaxial  diode 
is  shown  in  Figure  1.  Basically  there  are  two  type  of 
coaxial  diode,  i.e.  the  inward  emitting  coaxial 
diode(IECD)  and  the  outward  emitting  coaxial 
diode(OECD). 


Figure  1  Schematic  of  inward 
emitting  coaxial  vircator 


1.  FREQUENCY  STUDIES  OF  COAXIAL  VIRCATOR 

The  simulation  results  shows  that  lECD  takes  great  advantages  over  the  planar  diode  in 
the  generation  of  HPM.  In  the  stable  case,  the  inward  emitting  electron  beam  in  lECD  has  an 
increasing  density  as  the  radius  decreases  because  of  the  conservation  of  charge.  Therefore 
within  a  lECD,  electron  beam  of  higher  density  is  formed  than  a  planar  diode  has  the  same 
cathode  area.  The  dominant  frequency  of  the  coaxial  vircator  is  directly  proportional  to  the 
plasma  frequency  of  the  virtual  cathode,  x  co^, ,  where  =  ^4mje^  /  the  relativistic 

plasma  frequency  of  the  virtual  cathode.  The  simulation  geometries  of  a  coaxial  vircator  and  a 
planar  vircator  of  the  same  cathode  area  are  given  in  Figure  2and  3. 
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Fig  2  Simulation  geometry  scheme  of  Fig  3  Simulation  geometry  scheme 

coaxial  vircator  of  planar  vircator 

From  the  FFT  graphs  for  coaxial  and  planar  vircator  output  shown  in  Figure  4  and  5 
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respectively,  a  peak  frequency  of  7.14GHz  can  be  clearly  identified  for  coaxial  vircator  much 
higher  than  4.06GHz  for  the  planar  vircator.  This  result  was  obtained  under  0.6MV  peak  input 
voltage,  144.4cm^  cathode  area  and  1cm  diode  gap. 


Fig  4  FFT  for  a  coaxial  vircator  Fig  5  FFT  for  a  planar  vircator 


Within  the  coaxial  diode,  a  quasi-cavity  is  formed  by  the  anode  screen  and  anode  base. 
When  virtual  cathode  was  formed  in  the  cavity,  oscillation  of  radically  injecting  electrons  and 
virtual  cathode  strongly  interacts  with  the  cavity  TMo„  modes,  inducing  the  virtual  cathode 
oscillation  frequency  to  the  characteristic  frequency  of  the  cavity  mode.  By  diagnosing  the 
electric  field  distribution  at  the  waveguide  output  end,  the  output  microwave  mode  was 
verified  to  be  TMo,,  the  same  as  the  lowest  mode  of  the  cavity. 

Since  the  width  of  injection  region  generally  shorter  than  the  half  of  cutoff- wavelength  of 
TMoi,  it  is  reasonable  to  assume  that  the  electron  injection  region  locates  at  strongest  position 
of  TMoi  mode  electric  field  perpendicular  to  the  waveguide  wall.  The  axial  wavelength  X  of 
the  induced  output  microwave  has  a  direct  relation  with  distance  d  from  centerline  of  injection 
region  to  anode  base.  Consequently, 


d  = 
or 


4 

4 


1,2, 


3  , 


(1) 


From  Equation  1  we  can  expect  a  relatively  stable  i  for  different  parameters  of  the  simulation 
geometries.  So  a  preferable  d  for  certain  geometry  can  be  chosen  out  from  simulation  results 
and  ultimately  achieve  the  highest  couple  coefficient  and  energy  efficiency. 

The  parameters  of  one  simulation  geometry  are  the  width  of  emission  region  L=2cm, 
cathode  radius  rj=llcm,  anode  radius  ra=10cm,  diode  gap  g=lcm,  length  from  centerline  of 
emission  region  to  anode  base  d=5cm.  The  simulation  result  is  shown  in  Figure  4. 

According  to  Equation  1,  when  (  =  0,1,2,  x  =  under  these  wavelength,  the 

frequency  of  TMo,  is  f  ,  where,  «  =  foi. ,  Xq,  =2.405  is  the  1  st  root  of  0  step  Bassel 

271  r 


function,  r  is  the  radius  of  the  cylindrical  cavity,  the  transverse  wave  vector 
for  z  =  0,1,2 ,  we  have 

/(A  =  4d}  =  \.6GHz 
/[a  =  =  7.59G//Z 


T=2nlX  Hence, 
(2) 


f[^  =  ^d]=\3.55GHz 

Comparing  with  the  simulation  results,  we  obtained  that  when  d  satisfies  d  =  5X  1 4 ,  the 
characteristic  frequency  of  TMqi  is  7.59GHz  approximately  equals  the  dominant  frequency  of 
output  microwave  7.14GHz. 

During  the  numerical  simulations,  all  the  results  suggest  that  oscillating  frequency  of 
virtual  cathode  keep  relatively  unchanged  when  vary  the  value  of  d  only,  but  microwave 
conversion  efficiency  vary  with  d.  This  indicate  coupling  coefficient  between  virtual  cathode 
and  TMo,  mode  in  the  anode  cavity  change  with  d.  Hence,  we  can  change  d  to  improve  the 
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efficiency  to  the  highest  point. 

In  the  simulation,  we  test  this  deduction  by  the  geometry 
with  previous  refereed  parameters.  Varying  d  make  the  TMq, 
mode  of  anode  cavity  have  a  characteristic  frequency  at 
7.14GHz,  we  have  d—5XIA^  A26cm ,  and  it  have  attained  a 
energy  conversion  efficiency  more  than  10%. 

2.  ENERGY  CONVERSION  EFFICIENCY  OF 
COAXIAL  VIRCATOR 


Fig  6  Schematic  of  efficiency 
of  a  coaxial  vircator  with 
optimal  d  value 


The  coaxial  vircator  have  an  efficiency  much  \  AnnHe.  foil 

higher  than  planar  vircator  according  to  the  ;i  ^ _ 

simulation  results.  Generally,  an  inward  emitting  - . . . . y:  —  - 

diode  is  used  in  coaxial  vircator  for  HPM  - - A.tw..eB.id. 

generation.  It  can  operate  in  positive  pulse(see  -f - 

Figure  1)  or  negative  pulse(see  F-gfte  J)-  A  pig  7  Schematic^f  Negative  pulsed 
variation  simulation  structures  together  with  the 

peak  output  frequency  are  presented  in  Table  1  and  coaxia  vircator 

Table  2, the  applied  voltage  is  a  40ns  half-period  sinusoidal  pulse  of  positive  and  negative 
Table  1  Efficiency  of  Positive  pulsed  Table  2  Efficiency  of  negative  pulsed 

coaxial  vircator  under  different  structure  coaxial  vircator  under  different  structure 


r,(cm) 

r^(cm) 

L(cm) 

10 

11 

2 

10 

12 

2 

10 

11 

3 

9 

11 

2 

Peak 

efficiency 


4.8% 


Peak 

efficiency 


10.6% 


8.2% 


8.4% 


7.2% 


respectively. 

We  also  find  in  the  electron  distribution  graph  and 
electron  trace  graph(see  Figure  8),  the  reflected  electrons 
always  oscillate  in  potential  well  formed  by  the  real 
cathode  and  virtual  cathode  for  2~3  periods  then  drift 
down  to  the  waveguide  region  to  be  absorbed.  By  this 
way,  the  reflected  electrons  give  part  of  them  energy  to 
the  output  microwave,  the  same  time,  the  reflected 
electron  modulates  the  injecting  electron  beam  and  avoid 
the  low  energy  electron  stay  in  the  potential  well  for  too 
long  time.  Hence,  this  nature  mechanism  eliminating 
reflected  electron  can  be  treated  as  the  plate  in  Reditron. 
It  provides  a  single  modulation  to  the  beam,  and 
ultimately  improve  the  energy  conversion  efficiency. 
According  to  the  simulation  results,  when  the  impedance 
of  diode  match  the  transmission  line,  the  efficiency  of 
high  power  microwave  generation  is  maximum.  One 
matching  case  in  the  simulation  is  shown  in  Fig  9.  It 
was  got  under  lOQ  transmission  line  and  has  the  highest 
peak  in  efficiency  curve  before  30ns. 


Figure  8  Electron  trace  graph  of 
coaxial  vircator 


Fig  9  The  impedance  scheme  in  a 
matching  condition 
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3.  CONCLUSION 


The  characteristic  frequency  and  energy  conversion  efficiency  of  the  coaxial  vircator  are 
studied  by  numerical  simulation  method.  Comparing  with  planar  vircator,  the  coaxial  vircator 
generates  much  narrow  bandwidth  and  higher  center  frequency.  The  simulation  results  also 
evince  that  by  adjusting  d  can  tune  the  output  microwave  frequency  in  about  two  octave  range 
under  certain  conditions.  The  negative  pulsed  coaxial  vircator  can  significantly  improved 
efficiency  from  about  4%  of  positive  pulsed  coaxial  vircator  to  about  10%. 

The  experimental  apparatus  are  setting  up,  the  experimental  results  will  be  given  in 
future. 
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I.  INTRODUCTION 


The  foilless  diodes  have  been  studied  extensively  in  theoretical  analysis,  numerical 
simulation  and  experimental  testing^*'^^  because  of  their  potential  application  beam-wave 
interaction  devices  and  microsecond  pulse  accelerator.  Theoretical  models  of  beam  generation 
in  foilless  diodes  have  been  of  two  types.  The  first  one  is  the  space  charge  limited  model 
under  infinite  applied  magnetic  field  which  assumes  that  the  current  depends  on  the 

conditions  in  the  acceleration  region.  According  to  the  OAL  model,  diode  current  and  diode 

[21 

impedance  for  a  thin  ultra-relativistic  beam  are  given  approximately  by^ 


where  Yo=l+eU/mc^,  Rc  is  the  cathode  outer  radius,  and  a  is  the  beam  thickness,  5  is  the 
distance  between  the  beam  and  anode  wall.  While  for  a  thin  non-relativistic  beam,  diode 
current  is  given  approximately  by^‘^^ 


/,=17 


(Zo  -ZaWza  -1 


2Z/, 


In 


-1 


K 

R. 


(kA) 


(3) 


where  y/,  (v^  /c)^  ,  Vh  is  the  velocity  of  the  beam  electron,  Ra  and  Rc  are  the  radii  of 

the  drift-tube  and  cathode  respectively.  The  other  model  assumes  that  the  diode  current  can  be 
determined  by  the  equilibrium  that  the  beam  reaches  in  the  hollow  anode-drift  tube*^^^,  and  it 
gives  diode  current  formula  as 

*?«  =  34{[y,/(n-4ln(/!„/A,))]'-ip  (U)  (4) 

Although  these  models  could  yield  some  scaling  laws,  they  do  not  provide  quantitative 
results  for  realistic  conditions.  Numerical  simulations  have  proved  to  be  an  optimum  method 
to  study  foilless  diode^*’^^,  because  the  beam  behavior  can  be  examined  under  the  influence  of 
complex  diode  configuration,  shank  emission  and  finite  magnetic  field,  etc.  In  this  paper,  a 
fully  relativistic  electromagnetic,  2.5-D  PIC  code(KARAT)^^^  was  used  to  model  the 
generation  of  an  annual  relativistic  electron  beams  by  a  magnetic  field-immersed  foilless 
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diode  in  consideration  of  shank  emission.  The  effects  of  guiding  magnetic  field,  applied 
voltage  and  diode  geometrical  construction  on  the  diode  behavior  were  considered  mainly. 


II.  SIMULATION  RESULTS  AND  ANALYSIS 

The  schematic  diagram  of  the  diode  is  shown  in  Figure  1.  A  TEM  wave  of  5-ns  risetime 
is  input  from  a  40Q  coaxial  transmission  line  at  the  left  side,  and  drives  the  cathode  negativly. 
The  high  field  causes  a  space-charge-limited  emission  on  the  cold  cathode  where  the  electric 
field  is  above  the  field  threshold  of  500kV/cm, 
and  the  electron  beam  transports  into  the  drift 
tube  under  the  action  of  the  applied  magnetic 
field  which  is  provided  by  a  solenoid  coil.  The 
self-consistent  space-charge-limited  emission  is 
modeled  in  the  code  by  correcting  the  emission 
current  until  the  normal  electric  field  at  the 
emission  region  becomes  zero  for  each  time  step. 

In  the  simulation,  the  beam  current,  diode  Fig.  l.Schematic  diagram  of  the 
impedance  and  beam  quality  were  diagnosed  field-immersed  foilless  diode 

with  the  variation  of  the  geometry  and 
electromagnetic  parameters. 

1)  The  Effect  of  the  Magnetic  Field 


In  order  to  control  the  transportation  and  expansion  of  the  electron  beam  in  the  absence 
of  the  anode  foil,  the  applied  magnetic  field  should  be  above  a  critical  value  Bcr,  which  is 
chosen  based  on  the  condition  that  the  electron  emitted  from  cathode  could  not  go  through  the 
cathode-anode  gap  when  a  voltage  applied  on  the  diode.  The  critical  magnetic  field  Bcr  can  be 
obtained  considering  the  magnetic-flux  conservation  for  relativistic  beams  as: 


Bcr=^y[ro^  (Tesla)  (5) 

where  d  refers  to  the  minimum  gap  distance  between  cathode  and  anode  (cm).  When  L<0, 
d  equals  to  Ra-Rc.  When  the  amplitude  of  the  inputting  TEM  wave  is  800kV,  and 
L=0cm,d=0.5cm,  the  diode  voltage  varies  from  400kV  to  980kV  due  to  the  mismatch  of 
diode-transmission  line  impedance.  The  variation  of  diode  current  and  impedance  with  the 
applied  magnetic  field  are  shown  in  Fig.2.  According  to  the  result  of  simulation,  the  Bcr  is 
about  0.85  Tesla,  which  is  in  agreement  with  that  calculated  estimate  given  by  Eq.(5).  For  an 


electron  in  an  electromagnetic  field,  the  Larmor  orbit 
radius  has  the  relation  of  rLocV/(BM).  In  the  case  of 
B<Bcr,  a  large  proportion  of  electrons  reach  the  anode 
wall  due  to  the  rL  is  larger  than  the  diode  gap.  Hence,  the 
diode  current  is  relatively  small.  With  the  increasing  of 
the  magnetic  field,  more  and  more  electrons  could 
transport  into  the  drift  tube  and  the  diode  current  also 
increases  and  reach  to  maximum  till  B=Bcr.  When 
B>Bcr,  the  electrons  emitted  from  the  cathode  shank 
return  backward  due  to  the  decreasing  of  the  Larmor 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 

B(T) 

Fig.2  Diode  current(solid  line)  and 
inipedance(dot  line)  as  a  function 


of  magnetic  field 
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orbit  radius.  Meanwhile  the  current  decreases.  When 
the  magnetic  field  is  strong  enough,  the  diode  current 
is  mainly  provided  by  the  electrons  emitted  from  the 
cathode  tip,  while  the  contribution  of  those  emitted 
from  the  shank  can  be  neglected. 

2)  the  Effect  of  the  Diode  Voltage 

The  diode  gap  voltage  is  changed  by  varying  the 
amplitude  of  the  input  TEM  wave.  The  current 
increases  with  the  diode  voltage  while  the  impedance 
decreases  (Fig.3).  A  comparison  of  the  simulation  with 
several  theoretical  models  is  also  shown  in  Fig.3  .  The 
simulation  results  indicated  that  the  diode  current 
agrees  well  with  the  non-relativistic  space-charge- 
limited  model  (Equ.4)  at  low  voltage.  While  in  the 
relativistic  case,  the  diode  current  can  be  described  by 
the  model  of  beam  equilibrium  in  the  drift  tube  at  very 
high  voltage.  At  relatively  low  voltage  the  OAL  model 
gives  suitable  result. 

3)  the  Effect  of  the  Geometry  Parameters 


(a) 


U{MV) 

(b) 

Fig.3  Diode  current  (a)  and 
impedance  (b)  variation  with 
the  diode  voltage 


There  are  two  important  geometry  parameters  for 
foilless  diodes,  L  and  6  ,  which  influence  the  diode 
current  and  impedance  significantly.  The  simulation 
results  appear  to  be  coincident  with  the  theoretical 
predictions  of  the  diode  current. 

In  Fig.4  the  simulated  diode  current  and 
impedance  as  a  function  of  axial  gap  spacing  L  are 
presented  when  the  amplitude  of  the  inputting  TEM 
wave  is  600kV.  For  very  small  axial  gap  the  diode 
current  and  impedance  is  governed  by  the  beam 
thickness  and  5.  For  large  L  they  are  determined  by  the 


B 
>  -a 
o 


Fig.4  Diode  current(soIid  line)  and 
impedance  (dot  line)  as  a  function 
of  the  axial  gap  spacing  L  (B=2T, 
Ra=1.8cm,  Rb=1.3cm,  a=0.2cm) 


beam  thickness  and  the  separation  from  the  cathode  shank  to  the  anode  wall  A  (see  Fig.l).  For 
intermediate  L  the  current  will  decrease  with  increasing  gap  separation.  The  simulation  results 
agree  with  the  experimental  results  in  Ref  1  and  this  can  be  explained  as  that  the  normal 
electric  field  decreases  with  increasing  L. 

We  can  change  the  6  by  varying  the  radius  of  the  cathode  and  that  of  the  drift  tube 
respectively,  and  the  increasing  of  diode  current  and  decreasing  of  the  impedance  with 
increasing  6  is  presented  in  Fig.5  and  Fig.6,  which  are  in  good  agreement  with  the 
description  of  OAL  model. 

In  the  simulation  the  effect  of  the  cathode  tip  thickness  is  also  examined.  Keeping  the 
other  parameters  constant,  it  can  be  found  that  the  beam  current  changes  slightly  with  the 
cathode  tip  thickness,  and  that  the  electrons  are  concentrated  in  the  region  whose  radial 
thickness  is  about  1mm,  indicating  the  electron  beam  is  exactly  hollow.  In  the  simulations, 
cathode  tip  thickness  varies  from  2mm  to  8mm,  the  diode  current  and  impedance  are  12kA 
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(b) 

Fig.5  Diode  current  (a)  and  impedance  (b) 
variation  with  8  by  changing  the  cathode 
radius  (L=0,B=2T,Ra=1.8cm) 


(a) 


(b) 


Fig.6  Diode  current  (a)  and  impedance  (b) 
variation  with  5  by  changing  the  drift  tube 
radius  (L=0,B=2T,Rb=1.3cm) 


and  65ohm  respectively. 


in.  SUMMARY 

Based  on  the  numerical  simulation  of  the  foilless  diode  presented  above,  the  following 
conclusions  can  be  summarized. 

finite  magnetic  field,  the  effect  of  the  shank  emission  on  the  electron  beam  could  not  be 
neglected.  Although  shank  emission  increase  the  beam  current,  it  reduces  the  beam  quality, 
which  could  be  solved  by  increasing  the  applied  magnetic  field  and  decreasing  the  radial 
electric  field  at  the  cathode  shank. 

(2)For  the  diode  current,  the  beam  equilibrium  model  is  valid  in  ultra-relativistic  case,  while 
the  space-charge-limited  model  is  suitable  for  relatively  low  voltage. 
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INTRODUCTION 

Plasma  heating  in  large  tokamaks  is  one  of  the  most  attractive  applications  for  millimeter- 
wave  gyrotrons.  Gyrotrons  designed  and  created  in  Russia  for  this  purpose  have  megawatt 
microwave  power  level  in  quasi-CW  regime  (in  single  pulses  with  duration  t  >  1  s)  [1,2],  Their 
effective  operation  is  impeded  by  low-frequency  (~  100  MHz)  spurious  oscillations  of  electron 
space  charge  accumulated  in  the  trap  between  gun  cathode  and  magnetic  mirror  [3,4],  These 
oscillations  often  develop  after  a  long-term  operation  of  a  gyrotron.  Modification  of  cathode 
emission  characteristics  can  be  one  of  the  most  probable  causes  of  this  phenomenon. 

Our  paper  reports  the  results  of  the  study  of  space  charge  oscillations  in  gyrotron  trap  and 
effect  of  emission  inhomogeneities  on  their  characteristics.  Investigations  were  performed  on  a 
gyrotron  model  at  the  Physical  Electronics  Dept,  of  St. -Petersburg  Technical  University  in 
cooperation  with  GYCOM  Ltd.  and  Institute  of  Applied  Physics  RAS. 


EXPERIMENTAL  APPARATUS 

The  schematic  drawing  of  experimental  tube  representing  a  gyrotron-type  electron  optical 
system  without  a  special  microwave  cavity  is  shown  in  Fig.  1 .  Measurements  were  made  for 


anode  current  electron 
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wide  range  of  working  parameters  including  scaling  regimes  of  high-power  gyrotrons.  The 
basic  parameters  are  given  in  Table  1. 

Characteristics  of  space 
charge  oscillations  were 
measured  with  broadband  probe 
registering  the  induced  signals 
from  helical  electron  beam 
(HEB)  near-zone  [2].  Probe  was 
placed  in  the  magnetic  field 
compression  region  (Fig.  1). 

Information  about  oscillations 
characteristics  was  obtained  as  a 
result  of  computer  analysis  of 
probe  signals  oscillograms  with 
duration  from  10  ns  to  100  |xs. 

Impregnated  metallic- 

porous  cathodes  were  used  as  an 

electron  source.  In  temperature-  ^  i 

....  f  t/  j.  Table  1.  Mam  eraenmental  parameters 

limited  regime  (typical  for  gyrot-  ^ 

rons)  the  work  function  inhomogeneities  result  in  non-uniform  distribution  of  current  density  in 
HEB.  It  was  possible  in  our  experiments  to  control  of  spatial  distribution  of  work  function  by 
platinum  deposition  onto  cathode  surface.  Platinum  passed  from  injector  through  a  gridded  slot 
in  anode  and  was  deposited  onto  surface  increasing  the  work  function  of  this  region  (Fig.  1). 
The  deposition  region  was  selected  by  rotating  of  cathode. 


Parameter 

Cathode  diameter 

83  mm 

Distance  cathode-anode 

7  mm 

Distance  cathode-magnetic  field  plateau 

22  cm 

Drift  tube  diameter  in  plateau  region 

22  mm 

Beam  voltage 

7-12  kV 

Plateau  magnetic  field 

2.0-3.0T 

Magnetic  compression  (ratio  of  plateau 
magnetic  field  to  cathode  magnetic  field) 

25 

Beam  currait 

0-10  A 

Beam  pulse  duraticm 

5-100  ps 

Pkch-fiictor  (ratio  of  transverse  velocity 
to  Icaigitudinal  velocity)  in  plateau  regitm 

0.7-2.0 

Fig.  2.  Azimuthal  distributions  of  emissiai  current  density 

Azimuthal  distributions  of  emission  current  density  je(0)  'vere  obtained  by  measuring  the 
current  of  electrons  passing  through  a  pin-hole  in  anode  0.5  mm  in  diameter  (Fig.  1)  vs 
cathode  azimuthal  position  in  the  absence  of  applied  magnetic  field.  Fig.  2  shows  distributions 
je(0)  measured  before  (curve  1)  and  after  (curve  2)  platinum  deposition.  In  this  case  deposition 


-801- 


resulted  in  smoothing  of  emission  inhomogeneities.  “Amplitude”  of  inhomogeneities  could  be 
described  by  parameter  m  defined  as 


n 


Hja-jc 


m 


Jc 


360  2-360  1  ^  . 

where  =  y,(<9,)  {6,  =  ^  ,...,360),  /;  =  •  For  distnbutions  presented  m 

Fig.2:  m  =  0.295  (curve  1)  and  w  =  0.187  (curve  2)  for  n  =  72. 


RESULTS  AND  DISCUSSION 

Current  of  electrons  reflected  from  magnetic  mirror  in  gyrotron  can  be  estimated  for 
known  HEB  transverse  velocity  spread  8v±  and  average  pitch-factor  g.  For  typical  values  dv_i  = 
20  %  and  g  =  l  A  coefficient  of  reflection  has  to  be  about  10'^  Previous  investigations  [4] 
demonstrated  that  excitation  of  space  charge  oscillations  in  gyrotron  trap  occurs  when  value  of 
beam  current  /  exceeds  the  threshold  one  I,/,  ~  0.1 -0.5  A.  Fig.  3  presents  probe  signals 
oscillograms  for  different  HEB  current  values  varied  by  cathode  temperature  adjustment.  For 
current  /  not  much  above  the  I,h  oscillations  were  observed  only  near  the  pulse  front  (Fig.  3a). 
Duration  of  the  oscillations  increased  (Fig.  3b-d)  and  their  spectra  became  more  complicated 
with  current  growth.  But  when  HEB  current  approached  a  maximum  value  Imax, ,  amplitude  of 
oscillations  rapidly  fell  to  zero  (Fig.  3e).  Current  Lax  was  found  to  be  approximately  equal  to 
the  boundary  value  Isc  of  space-charge  limiting  current  regime  of  the  magnetron-injection  gun. 
One  of  mechanisms  of  suppression  of  the  oscillations  could  be  connected  with  decrease  of 
average  HEB  pitch-factor  g  due  to  effect  of  electron  beam  space  charge  on  static  electric  field 
distribution  in  gun  region.  On  the  other  hand,  current  growth  results  in  reduction  of  non¬ 
uniformity  of  emission  and  space-charge  fields,  and  so  velocity  spread  caused  by  these  fields 
can  decrease  also. 


Fig.  3.  Oscillograms  of  probe  signals  with  duration  of  15  ps. 

Beam  voltage  t/o  =  8  kV,  plateau  magnetic  field  Bo  -  1 .89  T.  Beam  current  1  (and  ratio  l/L). 
a  -  0.29  A  (0.04),  b  -  0.63  A  (0. 1),  c  -  4. 1  A  (0.06),  d  -  4.35  A  (0.71),  e  -  6.34  A  (1). 


Our  experiments  demonstrated  that  varying  of  cathode  emission  inhomogeneities  for  a 
constant  beam  current  results  in  alteration  of  oscillations  intensity.  Fig.  4  shows  dependencies 
of  oscillations  energy  Wosc  (defined  as  their  amplitude  multiplied  by  duration  of  oscillatory 
process)  vs  HEB  current  /  for  different  values  of  m.  Current  range  /,/,  <  I  <  Lax,  where 
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oscillations  were  registered,  narrowed  with  decrease  of  m.  Maximum  value  of  fVosc  in  this 
range  decrease  also. 

With  the  results  obtained  in  this  work,  we  can  predict  considerable  decrease  of  spurious 
low-frequency  oscillations  in  gyrotrons  with  more  homogeneous  emission  distribution  over  the 


cathode  surface.  Inhomogeneity 
of  modem  metallic-porous 
cathodes  for  gyrotrons  can  be 
made  less  then  10  %  of  average 
value  of  emission  density  (m  < 
0.1)  [2].  Though  during  gyrotron 
operation  cathode  emission  non¬ 
uniformity  may  increase  due  to 
inhomogeneous  disactivation  of 
its  surface.  Cathode  manufac¬ 
turing  technology  imperfections, 
ion  bombardment,  micro- 
breakdowns  are  known  to  be  the 
factors  causing  this  disactivation. 
For  gyrotrons  cathode 
bombardment  with  electrons 
reflected  from  the  magnetic 
mirror  have  to  be  taken  into 
account  as  one  of  such  factors. 


Fig.  4.  Oscillations  energy  fFosc  vs  beam  current  I. 
Uo=SkV,Bo  =  2.2T. 


CONCLUSIONS 


In  this  paper  new  techniques  for  control  of  emission  distribution  over  the  surface  of 
metallic-porous  gyrotron  cathodes  is  presented.  Influence  of  emission  non-uniformity  on 
spurious  low-frequency  oscillations’  development  had  also  been  investigated.  Following  the 
emission  homogeneity  requirements  established  in  this  work,  it  would  be  possible  to  prevent 
excitation  of  intensive  spurious  oscillations. 
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ABSTRACT 

The  results  of  non-stationary  simulation  of  helical  electron  beams  (HEBs)  parameters 
based  on  the  PIC  method  and  quasi-stationary  model  of  electric  field  are  presented.  The  beam 
types  with  different  topology  (laminar,  boundary  ,  regular  intersecting)  are  considered.  The 
evolution  of  the  oscillatory  velocity  distribution  is  investigated.  The  space  charge  value  of 
locked  into  adiabatic  trap  electrons  and  their  life-time  are  obtained.  The  bombardment  of  the 
cathode  by  reflected  electrons  is  studied. 


INTRODUCTION 

During  recent  years  in  many  countries  the  intense  efforts  to  develop  the  high  power  CW 
and  quasi-CW  gyrotrons  for  nuclear  fusion  (ITER  program)  and  technology  applications  have 
been  undertaken.  Formation  of  HEBs  in  gyrotrons  is  performed  by  magnetron-ingection  guns 
(MIGs)  -  see  Fig.  1 .  The  characteristic  feature  of  MIGs  is  rather  large  oscillatory  velocity 
spread  Svi  in  the  formed  helical  electron  beam. 


Fig.  1.  The  scheme  of  the  gyrotron  electron-optic  system  and  the  axial  magnetic  field  distribution. 

The  latter  factor  decreases  the  gyrotron  efficiency  and  causes  the  reflection  of  a  part  of 
electrons  with  the  maximum  oscillatory  velocity  from  the  magnetic  mirror  between  the  cathode 
and  the  working  space.  Reflected  electrons  may  initiate  the  beam  instability  in  some 
regimes[l]. 
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The  static  model  of  the  HEBs  and  corresponding  codes  [2-4]  allow  to  predict  the 
variation  of  the  ti  value  (the  ratio  of  the  beam  oscillatory  energy  to  the  total  one  )  as  the  beam 
current  I  grows  with  good  enough  accuracy  .  However  the  difference  in  calculated  and 
measured  values  of  6vi  in  spite  of  the  identical  methods  of  the  6vi  definition  [4]  remained  still 
essential  [5].  The  main  reason  for  this  deviation  is  evidently  the  absence  in  the  static  numerical 
model  of  the  electrons  reflected  from  the  magnetic  mirror  and  then  captured  into  the  adiabatic 
trap  between  the  cathode  and  the  cavity.  The  correct  including  of  the  trapped  electrons  in  the 
numerical  model  may  be  performed  by  transition  from  static  codes  to  the  ones  based  on  the 
PIC  method. 

The  first  works  dealing  with  the  non-stationary  processes  in  HEBs  were  [6,7  ].  Below 
some  new  results  of  the  HEBs  properties  simulation  based  on  the  quasi-stationary  model  of 
electric  field  [8]  are  described. 


THE  RESULT  OF  NON-STATIONARY  ANALYSIS 

The  calculations  were  performed  for  MIGs  in  the  regime  close  to  critical  that  is  typical  of 
the  HEBs  formation  systems  of  the  centimeter  wave  length  range  (Fig.2).  The  diode  type  guns 
with  accelerating  potential  Uo=60  kV  were  considered.  The  emission  current  value  I  was 
chosen  in  such  a  manner  as  to  provide  the  ratio  tj=I/lL»0. 1-0.2.  Here  II  -  Langmuir  current  of 
the  gun.  The  variation  of  the  pith-factor  value  go  (the  ratio  of  the  longitudinal  drift  velocity  to 
the  oscillatory  one,  ti=go^  /(1+go^  )  )  in  “cold”  system  from  go=l  up  to  go=2.0  was  provided 
by  changing  the  amplitude  Bo  of  the  magnetic  field  in  the  working  region. 

The  calculations  were  performed  for  three  values  of  go=l,  1-2  and  2.0  for  each  gun.  The 
dispersion  of  initial  velocity  distribution  was  chosen  using  the  static  code  so  that  6vi«20%  for 
tj=0.  When  go=l  and  1.2  there  are  no  reflected  electrons  and  the  beam  parameters  are  close  to 
the  calculated  ones  using  the  static  model.  The  most  interesting  are  the  versions  with  go=2.0. 
In  this  case  for  tj=0.1  the  character  of  the  processes  in  the  electron  beam  changes  essentially.  In 
time  interval  Ti  a  little  bit  less  than  Ty  (Ty  is  the  time  of  the  particle  motion  from  the  cathode  to 
the  interaction  region)  the  part  of  particles  from  the  “head”  of  the  beam  with  maximum 
oscillatory  velocities  reflects  in  the  plane  z«3.8  Rk  (here  B(z)/Bo»0.8)  from  the  magnetic 
mirror  and  then  turns  back  to  the  cathode.  Finally  in  time  ~  2.5  Ti  the  reflected  electrons  reach 
the  cathode.  From  this  moment  the  cathode  bombardment  by  reflected  electrons  having  the 
energy  W  >  Uo  at  the  moment  of  reflection  begins  (at  this  moment  maximum  electron  energy 
Wmax  may  exceed  1.25Uo  for  tj=0.1).  On  the  average  the  zone  of  bombardment  is  to  some 
extent  shifted  (~  0.2-0.3d,  d-  the  larmour  diameter  in  the  cathode  region)  to  the  left  in 
comparison  with  emitter  edges  (see  Fig.3).  The  averaged  energy  Wc  of  electrons  bombarding 
the  cathode  may  exceed  some  kilovolts.  For  laminar  flow  the  values  of  Wc  and  W^ax  are  to 
some  extent  greater  than  for  the  regular  intersecting  flow.  It  is  interesting  to  note  that  even 
when  the  current  time  t  exceeds  10  T||,Wmax  is  still  about  1.01-1.02Uo.  Trapped  electrons  form 
the  halo  of  the  initial  beam  (Fig.3).  The  space  charge  density  p  in  the  halo  usually  do  not 
exceed  5%  of  maximum  p  in  the  cavity  for  the  initial  beam.  However  the  full  space  charge  Qr 
of  locked  into  the  adiabatic  trap  electrons  may  reach  1.1  Qo  for  laminar  flow  and  0.3Qo  for 
regular  intersecting  one  when  the  relaxation  processes  are  finished.  Here  Qo  -  full  charge  of 
the  initial  beam. 

According  to  the  results  of  numerical  simulation  the  time  of  the  relaxation  proses  Tr  in 
any  case  exceeds  10-15  T||.  The  value  of  Tr  is  greater  for  laminar  flow.  The  middle  life-time  of 
the  electrons  in  the  adiabatic  trap  is  about  3-5  T||. 
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When  reflected  electrons  reach  the  cathode  region  they  cause  the  additional  cathode 
electric  field  depresion  AE  .  However,  it  is  not  exceed  50%  of  AE  caused  by  the  initial  beam. 

The  value  of  ti  becomes  lower  and  5vi  -  greater  in  comparison  with  the  static  model  of 
the  beam  (Fig.4).  It  is  seen  that  the  maximum  deviation  in  6vi  is  observed  for  the  laminar  flow 
and  minimum  -  for  boundary  one. 

When  the  current  grows  by  two  times  (tj=0.2),  the  qualitative  picture  of  the  relaxation 
processes  in  the  considered  beams  remain  the  same. 


Fig.2.  The  guns  forming  electron  beams  with  different  topology:  a)  laminar  flow,  b)  boundary  flow, 
c)  regular  intersecting  flow.  All  linear  dimensions  are  normalized  on  cathode  radius  Rk. 
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beam  halo 
{reflected  electrons) 


Fig.  3.  The  qualitative  picture  of  the  space  charge  distribution  formed  by  the  initial  beam  and 
reflected  electrons. 


tj  tj 

a)  b)  c) 


Fig.4.  Calculated  beam  parameters  ;  1  static  code,  2  -  time  dependent  code  (t  >  Tr) ; 
a)  -  laminar  flow,  b)  -  boundary  flow ,  c)  -  regular  intersecting  flow. 
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ABSTRACT 

The  simulation  results  of  a  variety  beam  system  with  a  supercritical  current  including 
electromagnetic  feedback  -  VIRTODE  [1]  have  been  discussed.  It  has  been  shown,  that  beam 
dynamics  and  the  output  radiation  parameters  are  the  most  sensitive  to  conditions  of  the 
cathode  emission  current  modulation.  These  conditions  may  be  produced  by  fields  of  a  space- 
charge  created  in  the  acceleration  area  by  reflected  particles,  and  also  by  electromagnetic 
feedback  fields,  which  are  used  for  the  radiation  parameters  control.  The  model  results  are  in 
good  qualitative  correspondence  with  data  obtained  in  experiments  with  real  device. 

INTRODUCTION 

An  interest  to  the  structurally  simple  and  effective  HPM  devices  -  vircators  does  not 
weaken  in  connection  with  necessities  of  their  radiation  parameters  control.  The  present  work 
proceeds  a  series  of  research  in  this  field  where  the  control  factor  is  an  external 
electromagnetic  fields.  The  one-dimensional  vircator  mathematical  model  studies  the  system 
generation  scheme  including  internal  electromagnetic  feedback  (EMFB). 

It  is  well  known  that  vircator  system  generation  is  based  on  a  strong  feedback  mecha¬ 
nism,  stipulated  by  particle  reflection  from  the  virtual  cathode  (VC)  area.  As  it  had  been 
shown  [2],  a  space-charge  fields  formation  in  the  acceleration  area  due  to  this  beam  feedback 
(BFB)  produces  emission  current  beam  modulation  in  diode  and  forms  preliminary  conditions 
for  vircator  radiation  parameters  control.  To  maintain  a  vircator  generation  efficiency  some 
special  means  should  be  performed.  The  radiation  efficiency  problem  may  be  solved  by  re¬ 
moving  particles  that  are  randomly  reflected  from  VC,  returned  in  the  acceleration  area  and 
disturbed  the  modulation  process  [3].  A  virtode  concept,  produced  by  a  series  of  our  works, 
establishes  that  an  arbitrary  weak  control  signal  injection  into  the  acceleration  area  is  efficient 
for  both  the  power  and  the  spectra  control  mechanisms.  It  is  in  cormection  with  some  obvious 
conditions: 

•  cathode  emission  current  regime  (the  space-charge  current  limiting)  due  to  strong  non¬ 
linearity  of  the  volt-ampere  diode  performance  is  very  sensitive  to  fields  magnitude  and  con¬ 
figuration  in  the  acceleration  area; 

•  beam  current  preliminary  modulation  in  the  acceleration  area  improves  a  klystron 
bunching  effect  for  particles  that  pass  through  anode  and  form  a  non-stationary  VC  [4]; 

•  fields  of  a  control  signal  in  the  drift  area  cannot  compete  to  ones  of  a  non-stationary 
VC. 

Thus,  the  control  vircator  regime  corresponds  to  some  conditions  of  external  fields  for¬ 
mation  and  their  interaction  with  beam  particles  in  the  acceleration  area.  Obviously,  these 
conditions  should  promote  the  beam  oscillation  spectrum  narro’wing  and  the  current  prelimi¬ 
nary  modulation  efficiency  magnification  in  the  range  of  specific  frequencies. 
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PROPERTIES  OF  A  MODEL 

For  the  electron  beam  dynamics  description  in  configuration  close  to  real  virtode  scheme, 
it  has  been  used  a  simple  one-dimensional  model,  fig.  1 ,  that  includes  two  parts; 
the  vircator  traditional  elements: 

•  cathode  emission  current  is  limited  by  the  beam  space-charge  fields  in  diode; 

•  anode  is  half-transparent  for  particles  moving  in  both  directions,  thus  a  BFB  between  the 
VC  area  I  and  the  acceleration  area  II  is  created; 

•  electromagnetic  fields,  produced  by  a  non-stationary  VC,  are  completely  radiating; 
and  some  novel  assumptions  introducing  electromagnetic  feedback  (EMFB)  [1]: 

•  arbitrary  small  efficiency  of  a  real  vircator  assumes  a  negligible  backward  effect  of  radi¬ 
ating  fields  on  beam  particle  dynamics  in  area  //; 

•  according  to  real  system  configuration  the  radiating  fields  are  uniform  over  the  VC  area; 

•  internal  EMFB  is  modeled  by  a  waveguide  of  a  variable  length  that  directs  a  portion  of 
the  output  radiating  power  into  area  //; 

•  EMFB  parameters  take  into  account  the  feedback  coefficient  qpB  the  waveguide  trans¬ 
parent  function  Gfb- 

For  simplicity  a  waveguide  time  delay  is  in  proportion  to  L^,  and  its  transparency  is  non- 
dispersive.  Function  Gfb  assumes  a  low-frequency  cutoff  ?itf cutoff  =  =  1/3  a.u.  and  a 

high-frequency  exponential  damping  beginning  at  6  Fmax,  where  Fnax  =  \  a.u  corresponds  to 
the  maximum  in  vircator  generation  spectrum  without  EMFB  (autonomous  generation  re- 
gime). 

The  high-current  relativistic  beam  experimental  data  show,  that  a  beam  particle  passing 
through  the  half-transparent  anode  in  arbitrary  strong  focusing  magnetic  field  experiences 
minor  energy  losses.  The  losses  are  mainly  caused  by  particle  scattering  in  anode  foil  and  on 
focusing  magnetic  field  non-uniformity.  Therefore  it  is  assumed  that  electrons  make  no  more 
than  2-5  half-oscillations  around  anode  foil.  Thus,  in  the  present  model  the  current  and  energy 
loss  coefficients  are  =  0.9,  =  0.7,  correspondingly,  and  the  minimum  energy  of 

oscillating  particles  is  =  0.8,  that  are  typical  values  for  such  systems. 

The  set  of  equations  describing  a  particle  dynamics  in  an  external  accelerating  and  a 
self-consistent  BFB  fields,  as  well  as  in  the  EMFB  circuit  fields  have  been  solved  numerically 
using  method  of  plane  sheets  [5].  As  parameters  of  the  model  data  that  define  the  anode 
transparency,  the  EMFB  signal  delay  and  the  feedback  coefficient  have  been  used. 

SIMULATION  RESULTS 

The  previous  model  study  of  the  autonomous  generation  regime  with  the  switched  off 
BFB  (simulation  of  the  non-transparent  anode)  [2],  had  shown  an  intensive  generation  with  no 
significant  control  effect  of  an  external  fields  in  the  range  of  vircator  frequency  and  its  har¬ 
monics.  As  it  has  been  shown,  an  efficient  vircator  radiation  control  assumes  complex  condi¬ 
tions  for  well  formed  BFB  and  an  effective  EMFB.  This  stipulates  the  main  features  of  the 
examined  model  regimes  -  the  half-transparent  anode  and  the  EMFB  circuit,  produced  by 
matching  the  radiation  and  the  acceleration  areas. 

In  the  noted  conditions  of  a  combined  feedback  a  strong  generation  intensity  dependence 
on  the  EMFB  signal  magnitude  is  observed.  Indicated  on  fig.  2  data  correspond  to  a  field 
feedback  coefficient  qpB  =  0.1  -  0.4.  As  it  is  seen,  an  essential  magnification  of  a  control  effi¬ 
ciency  corresponds  to  the  EMFB  power  coefficient  of  0. 1  -  0. 1 5. 

The  EMFB  influence  also  essentially  modificates  a  character  of  vircator  generation 
spectrum,  that  is  obvious  from  comparison  of  function  P output  (f)>  obtained  for  autonomous 
and  controlled  regimes,  fig.  3,  4.  Multifrequency  and  almost  noisy  a  spectrum  at  the  autono¬ 
mous  regime  comes  to  inore  intense  narrow-band  spectrum  with  dominant  lines  when  the 


-809- 


feedback  coefficient  increases  up  to  qpn  =  0.3  -  0.4.  The  dominant  frequencies  are  formed  in 
the  range  of  1-2  Fmax- 

The  EMFB  effect  on  the  radiation  spectrum  narrowing  may  be  understood  assuming  that: 

•  BFB  is  principally  broadband  because  of  absence  of  severe  constraints  on  the  beam 
particle  energy  selection; 

•  EMFB  operation  essentially  narrows  the  initial  beam  particle  modulation  spectrum  in 
diode,  and  further  grouping  effect  in  traveling  beam  strengthens  the  process  of  narrow-band 
and  high-power  radiation  formation. 

Thus,  the  generation  efficiency  increase  and  spectrum  narrowing  are  the  result  of  a  com¬ 
bined  feedback  (BFB  +  EMFB)  effect.  It  is  necessary  to  take  into  account,  that  each  feedback 
has  its  own  frequency  spectrum  and  delay  times.  Therefore,  when  one  of  these  feedbacks  al¬ 
ternates  its  frequency  spectrum  (in  the  present  model  it  may  easier  be  done  by  EMFB),  the 
system  amplification  as  a  whole  may  vary  significantly. 

This  EMFB  effect  is  well  exhibited  by  the  EMFB  waveguide  length  Ly,  alternation.  From 
the  output  power  dependence  Poutput  (U),  fig  3,  4  it  may  be  seen,  that  this  effect  allows  to 
vary  the  output  radiation  amplitude  over  a  wide  range.  The  radiation  power  in  the  EMFB  re¬ 
gime  for  qpg  =  0.3  -  0.4  and  for  selected  dominant  frequency  from  6  to  20  times  exceeds  the 
power  maximum  for  autonomous  generation. 

The  simulation  results  also  show  that  the  power  dependence  Poutput  (l-J)  in  a  wide  range 
of  Ly,  =  2-20  a.u.  has  a  periodic  character  in  correspondence  to  similar  dependence  for  the 
real  device  [1].  Under  variation  of  Ly,  as  a  parameter  at  qpp  =  0.4  the  output  radiation  power 
ratio  Pma/Pmin  achievcs  6-6.5. 

It  is  interesting  to  note  that  parameter  Ly,  variation  in  rather  broad  limits  is  accompanied 
by  the  dominant  frequency  tuning  up  to  40%  that  also  confirms  the  combined  feedback  effect. 

One  of  the  main  problems  of  the  present  studies  is  place  for  the  control  EMFB  signal 
injection.  Similarly  to  the  previous  study  [2],  it  is  checked  up  by  the  emission  current  elimi¬ 
nations  from  a  model  of  the  EMFB  regime.  In  fig.  5  there  are  plots  of  vircator  generation  dy¬ 
namics,  appropriate  to  conditions  of  the  diode  current  modulation  mechanism  stipulated  by 
the  EMFB,  and  without  modulation.  As  it  may  be  seen,  an  amplitude  increase  and  a  more 
regular  output  signal  formation  for  the  first  case  testifies  a  high  vircator  sensitivity  of  the 
EMFB  injected  in  the  acceleration  area.  The  presence  of  an  analog  to  this  mechanism  among 
devices  of  a  traditional  vacuum  electronics  -  a  grid  control  of  the  anode  current  in  triode  con¬ 
figuration,  confirms  a  principal  importance  of  the  selected  mechanism  for  the  radiation  pa¬ 
rameter  control  in  vircators. 

CONCLUSIONS 

1.  The  acceleration  area  in  vircator  is  a  beam  source  with  nonlinear  property  of  electric 
field.  The  fields  formed  in  this  area,  essentially  influence  to  the  VC  dynamics  and  the  device 
operation  as  a  whole.  Due  to  this  a  possibility  appears  for  vircator  system  to  be  controlled  by 
means  of  arbitrary  weak  signals  injected  into  the  particle  acceleration  area. 

2.  Vircator  with  the  EMFB  circuit  changes  essentially  the  output  radiation  parameters. 
The  dominant  radiation  frequencies  are  formed  that  exceed  10  -  20  dB  the  spectral  back¬ 
ground  repeating  a  monotonous  configuration  of  spectrum  for  the  autonomous  regime.  The 
output  radiation  power  increases  by  the  factor  of  1 0- 1 5  dB. 

3.  Variation  of  the  EMFB  coefficient  module  allows  to  alternate  the  output  radiation 
power  over  a  wide  range. 

4.  The  EMFB  time  delay  factor  determines  characteristic  dominant  frequencies  for  the 
given  regime  within  the  limits  of  the  basic  generation  spectral  maximum. 
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Fig.  1.  Configuration  of  the  studied  ID  vircator  model 
C  -  cathode,  A  -  half-transparent  anode,  VC  -  virtual 
cathode,  I  and  II  -  acceleration  and  drift  areas,  corre¬ 
spondingly,  L  -  pathlength  of  the  EMFB  waveguide. 


Fig.  3.  The  radiation  power  spectrum  P0  in  dB  and/ 
in  a.u  for  the  autonomous  regime. 


Fig.  2.  The  normalized  output  radiation  power  as  a 
function  of  a  waveguide  length  L,,  in  a.u.  for  different 
emission  current  regimes:  -  space-charge  current 

limit,  right  -  constant  current.  Curves  1, 2,  and  3  cor¬ 
respond  to  a  feedback  coefficients  q  =  0.4, 0.3,  and 
0.1. 


Fig.  4.  The  radiation  power  sp^rum  P(f)  in  dB  and / 
in  a.u.  for  the  EMFB  regime  for  a  feedback  coeffi¬ 
cient  q  =  0.4  and  a  waveguide  length  L-%au. 


Fig.  5.  Time  evolution  of  the  output  radiation  power.  Plot  (a)  corresponds  to  the  system  with 
modulated  emission  current.  Plot  (b)  corresponds  to  the  system  with  fixed  emission  current. 
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The  energy  carried  by  density  modulated  electron  beams  with  low  spread  in  velocity  can 
be  converted  into  high  power  microwave  radiation  with  high  efficiency.  The  density 
modulated  beam  is  generated  by  applying  both  rf  and  dc  fields.  This  is  possible  in  an  open 
cavity  that  consists  of  a  Bragg  reflector  region.  We  examine  the  conditions  for  beam 
generation  taking  into  account  regular  field  emission  (Fowler-Nordheim)  and  space-charge 
effects.  The  concept  is  demonstrated  when  a  density  modulated  beam  is  injected  in  a  tapered 
traveling  wave  structure;  simulations  indicate  that  the  highest  efficiency  is  achieved  when  in 
the  first  15%  of  the  interaction  region  the  phase  velocity  of  the  wave  is  higher  than  the 
average  velocity  of  the  electrons. 


In  a  klystron,  the  electromagnetic  field  stored  in  a  closed  cavity  generates  velocity 
modulation  on  an  otherwise  uniform  beam;  no  dc  field  can  be  applied  in  the  cavity  region.  The 
velocity  modulation  is  utilized  dovm  stream  to  enhance  the  modulation  and  eventually  to 
convert  kinetic  energy  into  electromagnetic  power.  On  the  other  hand,  the  simplest 
configuration  we  can  conceive  for  the  generation  of  a  uniform  beam  is  an  anode-cathode  gap. 
Here  we  can  apply  a  dc  field  but  can  not  apply  an  rf  field  since  this  energy  will  leak  out  of  the 
system.  In  order  to  combine  the  features  of  a  diode  on  one  hand  and  a  cavity  on  the  other  hand 
we  suggest  an  open  cavity  configuration  as  illustrated  schematically  in  Fig.  1. 
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Fig.  1  :  Schematics  of  the  open  cavity  which  facilitates  the  generation  of  a  density  modulated  beam. 


The  cavity  consists  of  two  metallic  surfaces,  which  are  electrically  insulated  facilitating 
application  of  a  dc  field  that,  in  turn,  enables  to  reach  the  threshold  for  significant  field 
emission.  The  latter  is  exceeded  by  applying  an  rf  field  that  is  confined  by  a  “Bragg  reflector” 
[1].  Contrary  to  klystrons  where  the  cavity  gap  is  much  smaller  than  the  radiation  wavelength, 
here  we  chose  the  geometry  such  that  the  transit  time  of  the  electrons  is  equal  to  the  rf  period. 
If  we  further  assume  that  the  electric  field  experienced  by  the  electrons  does  not  vary  in  space, 
then  the  electrons  at  the  anode  can  be  considered  as  mono-energetic;  their  energy  is 
determined  only  by  the  dc  field. 
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The  Bragg  reflector  consists  of  several  cells  of  a  periodic  coaxial  structure;  the  inner 
cylinder  is  smooth  (in  order  to  avoid  emission  from  the  edges)  and  the  outer  cylinder  is 
corrugated.  Since  our  rf  source  operates  at  9.25GHz,  the  geometrical  dimensions  of  the 
periodic  structure  were  adjusted  such  that  the  forbidden  band  (3  GHz)  will  be  centered  at  this 
frequency;  see  left  frame  of  Figure  2.  The  propagation  number  in  this  frequency  range  has  an 
imaginary  part,  therefore  the  field  decays  rapidly  along  the  longitudinal  direction.  For  this 
reason  only  a  small  number  of  cells  is  needed  in  order  to  achieve  a  high  quality  factor;  the 
entire  cavity  including  the  output  waveguide  was  simulated  with  Superfish  -  see  right  frame  of 
Fig.  2.  This  design  satisfies  the  condition  mentioned  above  regarding  the  transit  time  of  an 
electron  over  the  gap  comparing  to  the  rf  time  period. 
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Fig.  2:  Left  frame.  The  dispersion  relation  of  a  periodic  coaxial  corrugated  waveguide.  The  geometry  was 
designed  such  that  there  is  a  wide  cut-off  band  between  the  first  two  propagating  modes,  centered  about  9.25 
GHz.  Right  Frame.  The  first  resonant  mode  in  the  open  resonator  at  9.25  GHz.  The  simulation  was  performed 
with  “Superfish”.  All  dimensions  are  in  [mm]. 

The  electron  beam  characteristic  is  considered  assuming  two  quasi-static  effects;  space- 
charge  effect  and  field  emission.  The  current  density  assuming  a  planar  diode  with  a  voltage  Vo 
applied  to  the  anode  and  an  electric  field  at  the  cathode  is  E  (Child-Langmuir  limit  is  achieved 
when  the  latter  is  zero)  is  given  by 


2V,l+^4V/-27E‘g^{V„-E-g), 

^  (1) 

2V,l-^4V,^-27E^g‘{V,-E-g), 

where  m  is  the  electron  mass,  e  is  the  electron  charge,  J  is  the  Current  density,  8o  is  the  vacuum 
permitivity  and  g  is  the  diode  gap.  The  second  effect  considered  is  the  field  emission  described 
by  the  Fowler-Nordheim  formula; 


V  m  9g^ 


J  =  3.44x10-'  exp 


f  6.54x10*“^ 

■  A  ' 

1  PE  J 

jn 

(2) 


where  E  is  expressed  in  [V/m]  and  p  (=120)  is  the  surface  enhancement  factor.  The  current 
density  at  a  given  voltage  is  determined  by  the  intersection  point  of  the  (1)  and  (2)  as 
illustrated  in  the  left  frame  of  Fig.  3.  The  resulting  non-linear  current- voltage  characteristic  is 
presented  in  the  right  frame  of  the  same  figure. 
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Fig.  3:  The  current  density  is  determined  by  the  intersection  point  of  (1)  and  (2)  accounting  for  space  charge 
and  field  emission  effects  Oeft  frame).  The  lower  curve  in  the  right  frame  describes  the  emission  process  as  a 
non-linear  impedance.  There  is  a  threshold  voltage  at  which  the  cut-off  region  ends.  The  current  density 
approaches  the  Child-Langmuir  limit  (upper  curve)  at  high  voltages. 


With  the  characteristic  of  the  beam  established  we  may  simulate  the  operation  of  this 
system  and  determine  the  system’s  dynamics.  For  this  purpose  the  system  is  modeled  by  a 
lumped  circuit  illustrated  in  Fig.  4  (left  frame).  In  this  circuit  Ro  represents  wall  loss,  Z  stands 
for  the  non-linear  diode  impedance,  Vo  is  the  dc  accelerating  voltage  and  V;  represents  the  rf 
input  voltage.  Simulation  indicates  that  a  peak  current  of  10  /I  can  be  achieved  (right  frame) 
during  about  30%  duty-cycle.  The  dc  voltage  applied  in  this  simulation  is  70kV  and  the  input  rf 
power  is  48kW.  The  calculated  output  average  power  carried  by  this  beam  is  240  kW. 


Fig.  4  :  Left  frame.  The  lumped  circuit  model  by  which  the  dynamics  of  the  system  is  determined.  Right 
frame.  The  current  that  can  be  achieved  at  the  output. 


In  order  to  show  the  potential  of  a  density  modulated  beam  we  consider  next  the  build-up 
of  electromagnetic  energy  in  a  tapered  traveling  wave  structure.  For  simplicity  we  assume  that 
the  interaction  is  with  the  TM^,  mode  in  a  dielectric  filled  waveguide  [2]  such  that  the  relation 
between  the  coupling  coefficient  a  and  the  normalized  wavenumber  K  is  given  by 

1  elTio  1  u^  Q 

a  = - - 2 - 2’V 

mc^  PlJl(Pl)  u^+K^  K 


where  rjo  is  the  vacuum  impedance,  I  is  the  average  current,  pi  d/R,  R  is  the  radius  of  the 
waveguide,  d  is  the  interaction  length,  12  =o)d/c;  o)  is  the  angular  frequency,  pi  is  the  first  zero 
of  zero  order  Bessel  function  of  the  first  kind  and  Ji  is  the  first  order  Bessel  function  of  the  first 
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kind.  With  this  relation,  the  equations  that  control  the  dynamics  of  an  ensemble  of  electrons  in 
the  presence  of  a  normalized  electric  field  a  =  eEd/mc^  are  given  by 


dC  IVa  J  \ 


-JXi 


d; 


Yi 


=  (a-e-*^*  +C.C.]  , 


Av.-il-K 
'K  '  Pi 


(4) 


where  Xr  is  the  relative  phase  of  the  i.’th  particle  ,  fit  is  the  normalized  velocity  of  the  i.’th 

0  —1/9 

particle,  K(=kd)  \s  the  normalized  wavenumber,  yj  =  (1  -  Pf  )  and  z/d . 

These  equations  were  solved  numerically.  The  initial  value  for  the  complex  electric  field  is 
zero  and  the  initial  spread  in  kinetic  energy  is  about  0.2%  rms.  The  initial  spread  in  phase  of 
the  macro  particles  is  40  degrees  and  the  current  is  assumed  to  have  a  square  shape  in  the  initial 
phase-space.  The  calculated  efficiency  is  about  90%  (see  left  frame  of  Fig.  5).  In  order  to  reach 
this  high  efficiency  the  initial  phase  velocity  of  the  wave  has  to  be  somewhat  faster  than  the 
average  velocity  of  the  electrons.  In  this  way  the  bunch  is  actually  compressed  before  it  is 
decelerated  by  the  wave.  The  right  frame  of  Fig.  5  illustrates  the  way  that  the  (active)  phase 
velocity  of  the  wave  should  develop  in  space;  with  the  exception  of  the  first  15%  of  the 
interaction  region  the  particles  should  be  resonant  with  the  wave.  If  the  resonance  condition  is 
imposed  from  the  input  (upper  curve  of  right  frame),  the  conversion  efficiency  is  substantially 
reduced  as  illustrated  in  the  lower  curve  of  the  left  frame; 


Fig.  5:  The  conversion  efiSciency  in  the  interaction  region  may  reach  the  level  of  90%  (left  frame  -upper 
curve)  for  an  ideal  density  modulated  mono  energetic  beam  with  a  spread  in  phase  of  40°  and  average  current 
of  10  A.  At  the  beginning  of  the  interaction  region  the  (active)  phase  velocity  of  the  wave  should  exceed 
somewhat  the  average  velocity  of  the  particles  (right  frame  -lower  curves).  However,  if  these  velocities  are 
equal  then  the  efficiency  decreases  (left  frame  -lower  curve  and  right  frame  -upper  curve). 

In  conclusion,  taking  advantage  of  the  non-linear  effects  associated  with  space-charge  and 
field-emission,  together  with  the  ability  to  confine  rf  energy  in  an  open  resonator;  it  was  shown 
that  a  density  modulated  electron  beam  with  low  energy  spread  is  achievable.  The  potential  of 
such  a  scheme  was  demonstrated  theoretically  when  we  calculated  the  interaction  of  an  ideal 
density  modulated  beam  with  an  electromagnetic  wave  in  a  tapered  slow  wave  structure; 
simulation  indicates  that  very  high  efficiency  can  be  achieved  provided  that  in  the  first  15%  of 
the  interaction  region,  the  phase  velocity  is  higher  than  the  average  velocity  of  the  electrons. 
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Abstract:  A  dispersion  relation  is  derived  for  waves  excited  by  an  intense  rela¬ 
tivistic  electron  beam  in  an  infinitely  long  plasma-filled  dielectric-lined  circular 
waveguide  immersed  in  a  finite  axial  magnetic  field. 


Recently  much  attention  has  been  paid  to  plasma-filled  high-power  microwave  devices 
such  as  backward-wave  oscillators  and  dielectric  Cherenkov  masers  (DCM).  It  is  thought  to  be 
one  advantage  of  such  devices  that  the  current  of  the  driving  electron  beam  can  be  raised  due  to 
charge  neutralization  and  accordingly  output  power  of  radiation  is  enhanced.  There  are  some 
theoretical  treatments  for  DCM  with  an  infinite  axial  magnetic  field  [1],  and  without  axial  mag¬ 
netic  field  [2].  However,  as  far  as  the  authors  know,  there  is  no  full  treatment  for  the  case  with  a 
finite  axial  magnetic  field, 

In  this  work  we  derive  a  dispersion  relation  for  waves  excited  by  an  intense  monoenergetic 
linear  relativistic  electron  beam  (IREB)  in  a  plasma-filled  dielectric-lined  cylindrical  waveguide 
immersed  in  a  finite  axial  magnetic  field,  5„.  Figure  1  shows  the  configuration  of  the  system 
under  the  consideration.  The  waveguide  is  supposed  to  be  infinitely  long.  Radii  of  the  plasma 
and  the  IREB  columns  are  assumed  to  be  the  same.  Also  it  is  assumed  that  there  is  a  vacuum  gap 
between  the  dielectric  liner  and  the  beam-plasma  column.  We  take  account  of  all  field  compo¬ 
nents  and  three  dimensional  perturbed  velocities  of  beam  and  plasma  electrons.  Plasma  ions  are 
assumed  to  be  stationary.  We  use  cylindrical  ccx)rdinates  {r,0,z)  and  consider  only  axially  sym¬ 
metric  modes.  All  perturbed  quantities  are  assumed  to  vary  as 
/  =  /(r)exp  i(kz  -  (ot) 

Magnetic  field  BO 


Dielectric 
IREB(Osrsa) 


From  equations  of  motion  and  continu¬ 
ity  equations  for  beam  electrons  and  plasma 
electrons,  energy  equation  for  beam  electrons, 
and  Maxwell’s  equations,  all  linearized,  we 
obtain  coupled  differential  equations  for  axial 
electric  and  magnetic  fields,  E,  and  in  the 
beam-plasma  region.  Bessel  function  of  the 
first  kind  of  zeroth  order  can  be  the  solutions 
of  these  equations,  and  other  components  are 
derived  from  and  B^,.  However,  instead  of 
solving  these  equations  directly,  we  adopt  fol¬ 
lowing  procedure.  Assuming  that  each  electric  field  components  can  be  given  as  follows, 

£*(/•)  =  2  iAJ^ipr),  BJr)  =  2  BJ^ipr),  E,^{r)  =  2  CJ^ipr), 


Metal  (r  c)  I  Plasma  (O  s  r  £  a) 

Vacuum (a^  r^b) 

Figure  1 .  Dielectric  lined  waveguide  filled  with  plasma 
and  the  beam  immersed  in  a  finite  magnetic  field. 
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the  each  magnetic  field  component  is  given  as 


B^ir)  =  -  42  B^J.ipr),  B^{r)  =  i  2  B,^{r)  =  -  /  2  ^J,{pr). 

Substituting  these  equations  into  equations  of  three  dimensional  perturbed  velocity  components 
and  perturbed  densities,  which  are  derived  from  equations  ot  motion  and  continuity  equations 
for  beam  electrons  and  plasma  electrons,  and  energy  equation  for  beam  electrons,  we  obtain 
three  dimensional  perturbed  current  density  components  expressed  by  field  components.  Sub¬ 


stituting  these  into  one  of  Maxwell’s  equations,  ro\.B  —  Poj  +  obtain  following  simul¬ 

taneous  algebraic  equations  for  Ap,  Bp,  and  Cp. 

<i„pAp  +  <ii2pBp  +  <i,3pCp  =  0,  t^2lp^p  ^22p^p  +  ^31p^p  +  ^32p^p  +  ^33pCp  -  0, 

where  diip  =  co^  —  —  ycolco'  / w"  —  o)\co^l{co^  “  ^  <^22p  “  ^np  ” 


Ji2p  =  Q{o)Ico' ! o}"'‘'  +  o)\cdI[(o^  -  Q^}},  rfi3p  =  -  f{yo)loj'vJ u)”'^  - 

^23p  =  and  =(a^-a)\-  wJmV y^o)'^  -  P^{c^  +  • 

Here  (o'  =  a)-  kv„  co"^  =  -Q\Q  =  eBjm,  col  =  n^e^lme,,  a>l  =  n^e^/me,. 


y  =  l/i^  1  —  Vq/c^  ,  rif^  and  np^  are  the  beam  and  the  plasma  densities,  and  e,  m  and  £o  have  usual 
meanings. 

By  setting  the  determinant  of  this  equation  system  to  zero,  a  pair  of  radial  wavenumbers  p 
and  p'  is  determined.  And,  for  each  /?,  Bp  and  Cp  are  expressed  with  Ap  as 

Bf  ~  '^p['^2p/ Ip]  =  ^p(^13p‘^23p  “  ^I2p‘^33p)/(<^22p<^33p  “  ^23p) 

and 

Cp  =  Ap^Ajp/ A ip j  =  Ap(^^l2p^i23p  “  ^13p^22p)/(^22p^33p  “  ^23p)  . 

Carrying  out  usual  procedure,  and  B,  in  the  gap  and  the  dielectric  regions  are  given  as 
follows.  The  subscripts  “v”  and  “d”  indicate  gap  and  dielectric  regions,  respectively. 

EJr)  =  SUqr)  +  TN,,{qr),  B,,{r)  =  i{UUqr)-^VNoiqr)), 

E,lr)  =  S’J^iq'r)  +  TNlq'r),  B,,(r)  =  i  [U'J^iq'r)  +  V’NoWr)] , 

where  q^  =  oP-jc''-  -  k^  and  q''^  =  e^ccPlc"-  -  k^. 

Boundary  conditions  at  metal-dielectric  and  dielectric-vacuum  interfaces  are  usual  ones. 
At  vacuum-plasma  (beam)  interface,  considering  the  deformation  of  boundary  shapes  of  beam 
and  plasma  regions  due  to  the  electrons’  motion,  surface  charge  and  surface  current  are  deter¬ 
mined  as  CTj  =  -  ie{tiy^Vy^{a)l co’  +  n^v^{a)l and  i  =  -  i«”w)V’oVbr(«)/^y'. 

The  final  dispersion  equation  is  obtained  by  setting  the  determinant  ot  the  following  sys¬ 
tem  of  simultaneous  equations  for  ten  unknowns,  i.e.,  two  Ap’s,  S,  S',T,T  ,  U,U  ,V,  and  V  . 

2  \[pA,pJoipa)l cuAjp]  =  -  {UJ„iqa)  +  VNoiqa)), 

2  AlA^^J,{pa)lA,^)  =  -  oiUJ,{qa)  +  VA,(^a))/ q , 
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2  AlAi^J^ipa)|A^^  =  SJn{qa)+TNa{qa)^ 


(olv, 


A^,(pai  ro>’  -  +  mv,^]  =  ^SJ,(qa)  +  m,(qa))  +  2  AJ,{pa)l k-p^]. 


C^Q) 


^IvJ  (ic 


Ip 


{UJAqb)  +  VN,{qb))lq  =  [V’J,{q'b)  +  VN,{q’b))lq' , 

+  TN,iqb)  =  S'Uq'b)  +  rWo(7'^) , 

UUqb)  +  VNoiqb)  =  U'J,{q’b)  +  V'N,{q'b), 


[SJ,{qb)  +  TN,{qb))lq  =  eiS'JM'b)  +  Th\{q’b))lq' , 


5’7„(^'c)+rW„(^'c)  =  0, 

and 

U’JMc)+y'N,{q'c)  =  Q. 

The  dispersion  equation  obtained  is  a 
complex  transcendental  equation.  To  solve  it 
we  must  numerically  calculate  Bessel  functions 
with  complex  arguments. 

Figure  2  shows  an  example  of  the  dis¬ 
persion  relation  for  the  waveguide  filled  with 


instabilities  (b)  for  waveguide  filled  wjth  the  beam. 


Figure  2.  Dispersion  relation  for  waveguide  filled 
with  plasma 


plasma.  Parameters  are:  radius  of  the  plasma 
(beam)  region  a  =  8  mm,  inner  radius  of  the 
dielectric  liner  b  =  9  mm,  inner  radius  of  the 
metallic  cylinder  c  =  10  mm,  dielectric  con¬ 
stant  =  2,  the  plasma  density  = 
5  X  10'‘  cm”^,  and  the  axial  magnetic  field 
=  1.5  T.  In  Fig.  2  we  can  see  the  waveguide 
modes  and  the  Trivelpiece-Gould  (T-G) 
modes.  As  expected  there  is  no  instability.  Fig¬ 
ure  3  shows  an  example  of  the  dispersion  re¬ 
lation  for  the  waveguide  filled  with  the  beam 
which  corresponds  to  the  example  in  Fig.  2: 
Fig.  3(a)  shows  dispersion  relation  in  real 
space  and  3(b)  shows  growth  rates  of  insta¬ 
bilities.  The  beam  energy  is  1.5  MeV  and  the 
beam  current  is  5  kA.  In  this  Figure  we  can 
see  Cherenkov  instability  (A)  which  is  due  to 
coupling  of  the  slow  space  charge  mode  in  the 
beam  with  the  first  waveguide  mode  (TMqi 
mode),  and  cyclotron  Cherenkov  instability 
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(B)  which  is  due  to  coupling  of  the  slow  2000 . . .  |  i  m  i  i  i  i  i  i  i  m'  r"i . i . T-n  i  |  i  i  i  i 

cyclotron  mode  in  the  beam  with  the  -  (a) 

first  waveguide  mode.  This  is  because  I 

the  dielectric-lined  waveguide  is  a  slow  ^  ~- 

wave  structure.  Appearance  of  the  lat-  g  - 
ter  instability  is  due  to  the  finite  axial  “  I 

magnetic  field.  Figure  4  shows  an  ex-  ^  _  ~I 

ample  of  the  dispersion  relation  for  the  w  ^  I 

waveguide  filled  with  the  beam  and 

plasma  which  corresponds  to  examples  7  ~- 

in  Fig.’s  2  and  3;  Fig.  4(a)  shows  dis-  I 

persion  relation  in  real  space  and  4(b)  -  y  , 

^  .  .  n  L^i^si^lrTWrf  I  I  I  I  [  1  I  I  I  I  i  !  1  1  1  I  1-1  j  1  I  1  1  I  i  t  L  .J 

shows  growth  rates  of  instabilities.  In  o  ^  [m’^] 

addition  to  Cherenkov  instability  (A) 

.  .  ZU  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I'  ri  I  [  M  I  I  I  'I  'I  "I  T  I  I  I  I  I  I  1  I  I  '["" 

and  cyelotron  Cherenkov  instability  (B)  - 

we  can  see  instabilities  due  to  coupling  c 

of  slow  cyclotron  modes  with  lower  7  'Ta  '  — 

branches  of  T-G  modes  (D),  instabili-  7"  -  /  \A  A  “ 

ties  due  to  coupling  of  slow  space  charge  ^  ^  /  f 

modes  with  upper  branches  of  the  T-G  ^  I_  A  /  l\  \  e  “ 

modes  (C)  and  instabilities  due  to cou-  3  -  ij\/  In  T  " 

pling  of  slow  cyclotron  modes  with  up-  M  -  /  '111! 

jjer  branches  of  the  T-G  modes  (E).  We  _  /  w  f  !  11  ^ 

call  instabilities  (C),  (D),  and  (E)  as  "  /  /  j.  |  f  I 

beam-plasma  instabilities.  Some  de-  -  /  \  //  '  \  1 

tailed  examinations  indicate  that  the  ,  .L  1  1  i  1  1  1  Ilf  1 ,1  Ju-L  IL 1  1  1  1  1  il  Li  „i  ■' 

main  coupling  is  between  modes  of  the  ^  [m-i] 

same  order.  Cherenkov  instability  is  Figure  4.  Dispersion  relation  (a)  and  growth  rates  of 

modified  when  plasma  is  present,  and  instabilities  (b)  for  waveguide  filled  with  the  beam  and 

it  connects  to  some  mode  in  the  beam-  plasma 

plasma  modes  (C). 

When  Bo  is  much  less  than  1.5  T  its  growth  rate  is  the  same  as  in  Fig.  3.  As  Bq  is  increased, 
resonance  points  of  instabilities  (C)  approaches  the  resonance  point  of  Cherenkov  instability 
and  its  growth  rate  decreases.  The  order  of  beam-plasma  mode  (C)  to  which  it  connects  changes. 
After  the  former  pass  the  latter,  Cherenkov  instability  is  disconnected  from  the  (C)  mode  and  its 
growth  rate  returns  to  its  former  value.  Other  parametric  researches  are  being  carried  out. 

We  are  now  applying  similar  procedures  for  annular  beam  case,  no  dielectric  liner  case, 
and  coaxial  waveguide  case.  Finally  we  note  that  the  there  is  a  possibility  of  nonlinear  coupling 
of  (C)  modes  with  (E)  modes  by  some  means. 


k  [m-i] 

Figure  4.  Dispersion  relation  (a)  and  growth  rates  of 
instabilities  (b)  for  waveguide  filled  with  the  beam  and 
plasma. 
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OBSERVATION  OF  SELF-MODULATION  REGIMES  OF 
GENERATION  IN  POWERFUL  BWO 
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Self-modulating  regimes  of  generation  in  powerful  X-band  BWO  was  studied  experimentally. 
Periodic  sinusoidal  modulation  of  the  output  signal  was  observed,  which  became  more 
complicated  as  the  beam  current  grew,  acquired  the  character  of  a  series  of  spikes,  and  then 
lost  its  periodicity. 


Complex  dynamics  in  backward-wave  generators  was  first  studied  theoretically  in 
papers  [1,2].  It  was  shown  that  as  the  current  exceeds  the  start  value,  the  regime  of  stationary 
single-frequency  generation  is  replaced  with  the  regime  of  periodic  self-modulation,  first 
sinusoidal  and  then  acquiring  the  shape  of  a  sequence  of  peaks.  As  the  current  grows  further, 
the  signal  modulation  becomes  more  complicated  and  loses  its  periodicity.  For  the  large 
exceeding  of  current  over  threshold  generation  becomes  stochastic.  The  such  sequence  of 
bifurcations  was  observed  experimentally  in  the  non-relativistic  BWO  with  power  levels  of 
several  milliwatt  [3]. 

This  report  is  devoted  to  the  theoretical  and  experimental  investigation  of  self¬ 
modulation  regimes  in  BWO  with  power  levels  of  tens  to  hundreds  kW  and  configuration  of 
the  interaction  space  typical  for  relativistic  BWO  [4]  (smoothly  corrugated  waveguide  with 
cut-off  narrowing  at  the  cathode  end  and  diffraction  output  of  radiation  from  the  collector 
end).  It  is  evident  that  achievement  of  chaotic  self-modulation  in  such  generators  opens 
prospects  to  create  powerful  noise  sources  operating  in  the  X-band  wavelength  range. 

As  a  source  of  electron  pulses  we  used  the  “Saturn”  accelerator  based  on  a  magnetron- 
injection  gun  with  a  thermal  cathode  that  allowed  formation  of  beams  with  duration  up  to  10 
ps,  energy  of  particles  up  to  300  keV,  and  current  up  to  300  A.  This  accelerator  was  used 
earlier  in  successful  realization  of  the  relativistic  BWO  with  the  power  level  5  MW  and  pulse 
duration  up  to  10  ps  [5]. 

The  lowest  mode,  TEn  was  chosen  as  the  operating  one  to  avoid  the  resonance 
interaction  of  the  electron  beam  with  other  modes  and  the  related  problem  of  mode  selection 
on  the  transverse  index.  The  microwave  system  was  made  as  a  section  of  axially  symmetric 
corrugated  waveguide  with  mean  radius  1 .2  cm,  period  and  amplitude  of  corrugations  1 .7  cm 
and  0.25  cm,  respectively.  The  waveguide  had  a  cut-off  narrowing  at  the  cathode  end  and  was 
smoothly  matched  to  the  output  waveguide  at  the  collector  end.  In  order  to  reduce  starting 
currents  at  fixed  coupling  impedance;  the  length  of  the  interaction  space  was  extended  to  44 
cm.  The  accelerating  voltage  was  about  70  kV,  the  beam  current  changed  in  the  range  from  3 
A  to  35  A.  At  expected  efficiency  these  parameters  were  chosen  to  avoid  microwave 
breakdowns.  The  operating  wavelength  was  3.75  cm. 

Preliminary  simulation  of  multi-frequency  processes  in  the  BWO  generator  was 
performed  basing  on  the  self-consistent  system  of  equations  [1],  which  consisted  of  the 
equation  describing  evolution  of  the  field  amplitude 


dr  dg 


J 

—  Jexp(-/5)<75g 


(1) 


and  relativistic  equations  for  electron  motion; 
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1 


(2) 


_ 1 

^  =  Re(^($-,r)exp(i6‘))  (3) 

dq 

Here  A  =  eEj{mccL>)\s  dimensionless  amplitude  of  the  resonance  (-l)st  field  harmonic, 
r  =  fy(t-z/vo)/(l/y3o+l/y^sr)  g  =  (azlc  are  dimensionless  time  and  longitudinal 

coordinate,  respectively,  S-cot-hz  is  phase  of  electrons  relative  to  the  synchronous 
harmonic  of  the  field,  J  =  el\Z\l(2/3^mc-),  Z  is  the  impedance  for  this  harmonic  [6],  I  is 
beam  current,  y  is  the  relativistic  mass-factor  of  electrons,  o)  is  the  fi:equency  of  precise 
synchronism,  =VqI  c,  =Vg^l  c ,  where  vo  is  initial  velocity  of  electrons,  Vp  is  group 
velocity  of  the  wave.  The  boundary  and  initial  conditions  for  equation  (1H3)  have  the 
following  form: 

0  ’  ^1=0  =  ^o(^) .  «9|,=o  =  -^0  e  ,  rl^  =  ro  w 

where  /  is  dimensionless  length  of  the  interaction  space. 

Coupling  impedance  and  starting  currents  were  calculated  basing  the  results  presented 
in  [6].  The  starting  current  of  the  BWO  with  the  length  of  the  decelerating  system  44  cm  was 
about  1  A.  The  relative  excess  of  the  current  over  the  threshold,  corresponding  to  the 
appearance  of  periodic  self-modulation,  is  equal  to  2.9.  The  stochastic  regime  is  realized 
when  this  excess  reaches  10—15.  Fig.  1  shows  the  results  of  simulation  of  the  output  signal 
amplitude  time  dependence,  as  well  as  the  spectrum  of  the  signal  at  different  values  of  current 


FIG.  1 .  Evolution  of  wave  amplitude  and  spectrum  with  increase  of  electron  current 
(simulation) 
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and  tube  length  44  cm,  which  corresponds  to  /  =  70.  Figure  la  corresponds  to  sinusoidal  self¬ 
modulation  of  the  output  signal,  fig.  lb  -  to  more  complicated  self-modulation  in  the  form  of  a 
periodic  sequence  of  spikes.  In  dimensionless  variables  the  period  of  self-modulation  is  equal 
to  ~10^.  The  period  of  self-modulation  in  the  operating  point  was  about  12  ns  in  dimensional 
values.  By  that,  in  the  case  of  the  sinusoidal  self-modulation  the  relative  width  of  the  radiation 
spectrum  was  0.7%.  Fig.  Ic  shows  the  variant  of  stochastic  self-modulation  corresponding  to 
the  spectrum  width  of  5%. 

In  the  experiments  the  output  signal  was  recorded  with  the  digital  Tektronix  TDS- 
540A  oscilloscope.  It  allowed  storing  in  memory  of  all  the  envelope  of  the  high-firequency 
pulse  with  total  duration  up  to  10  ps  for  further  analysis  of  its  separate  plots.  The  sections  of 
oscillograms  corresponding  to  equal  accelerating  voltages  but  different  values  of  the 
operating  current  are  shown  in  Fig.  2.  Radiation  was  registrated  on  the  collector  end  of  the 
interaction  space.  As  it  is  seen  fi-om  Fig.  2,  at  current  of  3  A  the  regime  of  sinusoidal  self¬ 
modulation  was  observed,  and  as  the  current  increased,  the  time  dependence  of  the  amplitude 
became  more  complicated.  At  the  currents  fi'om  21  A  to  28  A  self-modulation  had  the 
complex  periodical  character,  and  at  currents  over  35  A  it  became  stochastic.  Note  that  in  the 
above  sequence  of  oscillograms  there  is  no  regime  of  stationary  generation.  It  is  explained  by 
the  fact  that  the  decreasing  of  the  current  lower  than  3  A  was  connected  with  great  technical 
difficulties.  At  the  same  time,  stationary  regimes  of  generation  in  the  current  range  firom  3  A 
to  20  A  were  observed  in  a  tube  with  the  interaction  space  shortened  to  29  cm. 

In  the  experiment  the  regime  of  stochastic  self-modulation  was  achieved  when  the 
current  reached  35  A,  which  exceeded  the  bifurcation  value,  founded  from  numerical 
simulation.  The  period  of  sinusoidal  self-modulation  was  actually  higher  than  the  estimate  for 
the  feedback  time  basing  on  the  velocity  of  electrons  and  group  velocity  of  the  wave  in  the 
operating  point.  These  deviations  may  be  explained  by  the  fact  that  theoretical  model  doesn’t 
include  a  number  of  factors,  among  which  one  has  to  emphasize  the  possibility  of 
synchronous  interaction  of  the  electron  beam  with  the  forward  wave  (the  ‘orotron’  regime). 
TTiis  factor  can  have  great  effect  on  actual  values  of  the  starting  current,  group  wave  velocity 
and  generation  efficiency  as  compared  to  the  expected  values.  One  cannot  exclude  the  effect 
of  nonresonance  components  of  the  RF  field,  influence  of  the  spatial  charge,  presence  of 
spurious  reflections  at  the  collector  end  of  the  tube  either.  It  seems  that  further  research 
should  take  into  account  these  factors  consistently. 

In  the  experiment  carried  out  voltage  and  beam  current  were  limited  from 
consideration  that  output  power  did  not  exceed  100  kW.  At  higher  voltages  the  duration  of 
microwave  pulses  become  limited  due  to  RF  breakdowns  in  the  microwave  system  made  of 
copper  by  the  method  of  galvanic  growing.  It  is  shown  by  earlier  experment  [5],  there  is  the 
possibility  to  improve  electric  reliability  by  using  thermal  degassing  of  the  electromagnetic 
system  made  of  all-metal  oxygen-free  copper.  At  the  next  research  stage  it  is  planned  to  use  a 
new  tube  assembled  of  separate  sections  made  by  this  method.  That  will  allow  to  increase  the 
injecting  current,  thus  to  rise  also  the  exceeding  over  threshold  and  the  mean  power  of 
stochastic  radiation. 

The  authors  are  grateful  to  E.B.  Abubakirov  and  N.F.  Kovalev  for  useful  discussion. 

The  work  was  supported  by  the  Russian  Fund  for  fundamental  investigations,  grant  N 
97-02-1761. 
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FIG.2.  Experimental  oscillograms  of  output  signal  amplitude  under  different  electron 
currents. 
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ABSTRACT 

Quality  characteristics  of  amplification  of  plasma  travelling  wave  tube  (TWT)  are  studied.  It 
was  shown  linearity,  phase  stability,  level  of  combined  frequency  signals  and  noises  are  close 
to  such  characteristics  of  vacuum  TWT.  Plasma  TWT  has  higher  power  and  wider  range  of 
operating  frequency  band.  Plasma  TWT-based  power  smallsize  amplifier  is  worked  out. 


Earlier  published  works  [1]  discuss  physically  validated  principles  of  construction  of 
plasma  traveling  wave  tube  (TWT)  based  on  hybrid  decelerating  structures  i.e.  a  chain  of  cou¬ 
pled  cavities,  with  a  plasma-filled  channel.  Structure  and  technological  developments  con¬ 
ducted  at  VEI  resulted  in  designing  plasma  TWT  for  S  and  C  frequency  range  having  pa¬ 
rameters  substantially  higher  those  of  similar  vacuum  devices.  The  presence  of  plasma  in  the 
channel  of  the  decelerating  structure  load  to  markedly  increase  electronic  efficiency  up  to 
35%,  to  expand  operating  frequency  band  (Af/f=25^30%)  and  to  raise  the  power  to  20  kW 
under  continuous  regime.  This  characteristics  exceed  noticeable  parameters  of  developed  vac¬ 
uum  TWT. 

The  role  of  plasma  in  operation  of  TWT  is  especially  demonstrated  by  an  amplitude- 
frequency  characteristic  taken  for  one  and  the  same  device  working  at  vacuum  and  plasma  re¬ 
gimes  (Fig.  1 ).  It  is  clearly  seen  under  plasma  regime;  in  out  power  efficiency  of  the  device  op¬ 
eration  are  increased,  namely  at  a  high  frequency  part  of  the  specter. 

Structure  and  technology  of  plasma  TWT  are  designed  so  that  plasma  is  produced  by  an 
electron  beam,  only  at  the  cost  of  an  increase  of  pressure  in  the  devices  with  no  additional 
means.  Experiments  showed  the  capability  of  devices  to  operate  for  continuous  period 
(several  hundred  hours)  at  independent  regime  provided  a  required  level  of  the  pressure  (~10'^ 
Torr)  is  maintained.  In  this  case  cathode  steadily  emits  electrons. 

Thus,  plasma  TWT  may  be  succesfully  used  in  practice.  The  target  of  the  present  study  is 
to  examine  the  quality  of  plasma  TWT  amplified  signals.  We  deem  the  use  of  an  amplifier  in 
communication  systems  requires  especially  high  quality  of  the  amplified  signal.  Our  studies 
are  carried  out  with  the  aim  of  defining  the  possibility  of  the  use  of  plasma  TWT  for  this  pur¬ 
pose. 

The  amplification  factors  for  three  operating  frequencies  are  shown  in  Fig.2.  It  is  seen 
this  characteristic  is  linear  up  to  25  dB  with  an  output  signal  power  at  the  level  of  20-^25  kW. 
Stability  of  the  phase  characteristic  of  the  amplified  signal  is  within  ±  0.01  rad  (Fig. 3)  that 
also  proves  a  high  quality  of  the  amplified  signal. 
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For  the  possibility  of  plasma  TWT  operation  in  multi-frequency  communication  systems 
with  channel  frequency  multiplex  to  be  estimated  it  is  necessary  to  define  the  presence  of  sig¬ 
nal  intermodulation  distortions  tied  with  non-linear  interactions  of  the  waves  having  close  fre¬ 
quency  values.  Evidently,  plasma  waveguides  with  a  wide  range  of  inherent  fluctuations  in¬ 
cluding  low  frequency  waves  (magnetosonic,  ionosonic  ones)  may  cause  conditions  for  occur¬ 
rence  of  combined  fluctuations.  Experiments  showed  when  the  plasma  TWT  input  was  sup¬ 
plied  with  a  signal  of  monochromatic  amplified  with  a  vacuum  TWT.  The  level  of  inter¬ 
modulation  frequencies  of  the  input  signal  of  plasma  TWT  was  -30  dB.  After  amplification 
the  level  of  intermodulation  frequencies  was  raised  to  -20  dB  (Fig.4a).  When  special  measures 
are  taken  to  suppress  development  of  low-frequency  components  the  level  of  combined  com¬ 
ponents  is  decreased  to  -30  dB  with  the  same  input  signal  (Fig.4b).  Thus,  the  characteristic  of 
excitation  of  intermodulation  fluctuations  of  plasma  TWT  is  on  a  par  with  that  of  vacuum 
TWT. 

Considering  a  wide  spectre  of  native  fluctuations  of  plasma  waveguide  characteristics 
noise  of  plasma  TWT  were  studied  in  detail.  Measurements  of  the  spectral  noise  density 
within  the  operating  frequency  band  were  made  by  a  gyromagnetic  detectors.  A  value  of  the 
spectral  density  of  the  noise  power  was  about  1  mW/MHz.  The  noises  were  distributed  uni¬ 
formly  in  the  operating  frequency  band  with  a  slight  rise  at  the  high  adge.  The  main  result  was 
that  for  an  operating  frequency  band  Af/f=25%,  beam  power  —60  kW  without  a  signal  at  the 
input  the  noise  level  was  -  500  MW  that  corresponds  with  a  spectral  density  of  power  1 
mW/Mhz.  Thus,  with  a  signal  amplification  to  10  kW  the  noise  level  -47  dB. 

Studies  of  noises  by  waveguide  couplers  showed  at  the  second  harmonic  they  were  -35 
to  -45  dB  versus  the  frequency  of  the  amplified  signal  was  near  of  the  edge  or  in  the  middle  of 
the  operating  frequency  band.  Noises  at  the  third  harmonic  were  between  -50  to  -55  dB.  The 
noises  were  measured  with  an  output  power  of  the  amplified  signal  of  10  kW . 

The  main  conclusion  from  these  studies  is  the  following.  The  quality  of  plasma  TWT  sig¬ 
nal  amplification  doesn’t  give  way  to  that  of  vacuum  TWT.  At  the  same  time  power  and  width 
of  the  frequency  band  of  plasma  TWT  considerably  higher. 

The  use  of  vacuum  TWT  in  preliminary  amplification  cascades  by  our  experiments  pro¬ 
duced  additional  complexity  to  tune  away  from  distortions  generated  by  them.  It  is  possible 
that  actual  distortions  might  be  even  lower  with  amplifications  of  signals  by  plasma  TWT. 

Relatively  low  levels  of  combined  components  and  noises  allow  to  use  plasma  TWT  in 
communication  lines  with  frequency-and-time-multiplex  channel.  In  comparison  to  existing 
power  vacuum  TWT  with  Pmin=3  kW  and  Af/f=10%  the  plasma  TWT  under  study  having 
Pmin=15  kW,  Af/f=25%  make  possible  to  increase  a  volume  of  information  to  be  transformed 
per  unit  time  by  more  than  an  order. 

The  opportunity  to  amplify  and  generate  power  microwave  radiation  of  plasma  TWT  of¬ 
fers  vast  possibilities  of  their  application.  However,  to  convert  to  a  level  of  voltages  at  a 
power  20  kW  it  is  necessary  to  design  a  power  supply  source  of  60^100  kW  in  power  which 
should  be  technically  adequate  with  a  plasma  TWT. 

VEI  has  conducted  developments  of  such  power  supply  systems  which  were  carried  out 
in  three  trends: 

•  increase  of  the  supply  frequency  to  5-8  kHz, 

•  creation  of  high  voltage  transformers  with  a  solid  insulation, 

•  utilization  of  specially  designed  switching  electron  tubes  in  high  voltage  circuits. 

The  block  diagram  of  the  developed  amplifier  is  shown  in  Fig.5.  It  comprises  a  plasma 
TWT  with  a  solenoid  and  power  supply  source.  In  creation  of  the  invertor  to  convert  a  fre¬ 
quency  there  were  used  IGBT  transistors.  Besides  the  invertor,  the  power  supply  source  in¬ 
cludes  a  converter  providing  independence  of  the  circuit  load  on  the  operation  regime  of  a 
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plasma  TWT.  A  high  voltage  transformer  which  steps  up  a  circuit  voltage  to  25  kV  has  a  core 
from  amophous  iron  and  monolit  insulation.  A  special  high  voltage  electron  switching  valve 
makes  possible  to  carry  out  modulation  of  long  pulses  with  a  front  5-^10  mks  duration,  pro¬ 
tection  switchings  and  stabilization  of  plasma  TWT  currents. 

The  above-mentioned  technical  solutions  allowed  to  design  a  power  amplifier  of  mini¬ 
mum  weight  and  sizes. 

CONCLUSION 

Studies  were  carried  out  to  estimate  the  quality  of  plasma  TWT  signals  amplification.  It 
was  found  out  linearity  of  the  amplification  factor,  phase  distortions  of  the  signals  of  the  com¬ 
bined  frequencies  and  noises  are  close  to  similar  characteristics  of  vacuum  TWT.  This  permits 
to  recommend  to  plasma  TWT  for  utilization  and  communication  systems.  Considering  the 
power  and  width  of  the  operating  frequency  band  of  plasma  TWT  are  substantially  higher 
those  of  vacuum  TWT  it  is  possible  to  conclude  the  use  of  plasma  TWT  in  communication 
systems  will  give  the  opportunity  to  increase  a  volume  of  information  unit  time.  Plasma  TWT 
was  used  as  basis  for  development  of  a  power  wide-band  amplifier  having  minimum  weight 
and  sizes. 

The  authors  are  very  thankfull  to  all  co-worker  who  were  designed  the  amplifier  and  par- 
ticulary,  to  S.Gusev,  N.Matveyev,  G.Mustapha,  V.Shapenko. 
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Fig.  1  Amplitude-frequency  characteristics  of  plasma  TWT  by  vacuum  and 
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Fig.2  Amplification  factor  for  three 
operating  frequencies. 


Fig.3  Stability  of  the  phase  characteristic. 
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Fig.4  Level  of  two  monocliromatic  signals  and  combined  components  after  amplification 
by  vacuum  and  plasma  TWT  (a)  and  by  plasma  TWT  after  correction  (b). 
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Fig.5  The  block-scheme  of  the  powerful!  amplifier  with  plasma  TWT. 
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The  paper  is  devoted  to  a  progress  in  experimental  study  of  FEM  with  guide  magnetic  field  based 
on  a  linear  induction  accelerator  (1  MeV  /  200  A  /  200  ns).  \n  Bragg  FEM-oscillator  a  mode  pattern  in 
the  resonators  of  different  Q-factors  was  studied  both  theoretically  and  experimentally.  In  accordance 
with  theoretical  predictions  single-frequency  operation  in  a  low  Q-factor  resonator  and  multifrequency 
operation  in  a  high  Q-factor  resonator  were  observed.  Under  optimal  resonator  configuration  at  the 
frequency  of  31  GHz  single-mode  generation  with  power  of  37  MW  and  efficiency  of  26%  was 
obtained. 

A  new  wideband  scheme  of  RF-input  based  on  the  effect  of  microwave  beams  multiplication  is 
studied  in  FEM-amplifier  experiment.  At  the  present  stage  at  the  frequency  of  36.4  GHz  amplification 
of  20  dB  was  obtained. 


INTRODUCTION 

Experimental  study  of  FEM-oscillator  with  Bragg  resonator  is  performed  in  cooperation 
of  JINR  (Dubna)  and  lAP  RAS  (N.Novgorod)  during  several  years.  At  the  previous  stage  of 
the  experiments  a  record  efficiency  of  25%  for  millimeter  wavelength  FEM-oscillators  with 
guide  magnetic  field  have  been  obtained  [1].  These  experiments  demonstrated  an  advantage 
of  regimes  with  reversed  guide  magnetic  field  and  capability  to  achieve  the  efficiency  in 
FEM-oscillator  comparable  with  efficiency  realized  before  in  FEM-amplifiers  with  reversed 
guide  field  [2,  3]. 

At  the  present  stage  we  study  dynamics  of  single-mode  and  multimode  operating  regimes 
in  the  oscillator.  To  record  a  mode  pattern  in  different  regimes,  an  oscilloscope  with  high  time 
resolution  (about  2  ns)  was  used.  Theoretically  predicted  multi-mode  generation  in  a  rather 
high  Q-factor  resonator  was  observed  experimentally  via  the  modulation  of  the  output  RF- 
power  due  to  beating  of  longitudinal  modes.  Conversely  the  absence  of  such  modulations  in 
configurations  with  optimal  Q-factors  confirms  the  single-mode  operation  in  the  high- 
efficiency  regime. 

FEM-amplifier  experiment  is  under  progress  currently.  A  new  scheme  of  RF-input  based 
on  the  effect  of  microwave  beams  multiplication  [4]  is  suggested.  Preliminary  results  of  the 
experiment  are  presented. 


DYNAMICS  OF  SINGLE-MODE  AND  MULTIMODE  OPERATING  REGIMES  IN 
BRAGG  FEM-OSCILLATOR 

Preliminary,  dynamics  of  oscillation  build-up  in  a  FEM  with  a  two-mirror  Bragg  resonator 
was  studied  theoretically.  Time  domain  analysis  taking  into  consideration  the  dispersion 
properties  of  the  Bragg  reflectors  was  used.  For  a  low  and  moderate  Q-factor  resonator  the 
dependence  of  the  output  RF  signal  with  respect  to  time  indicates  a  two  stage  transient 
process.  At  the  first  stage  large  oscillations  of  efficiency  and  output  signal  occur  (Fig.  la). 
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Such  oscillations  are  caused  by  excitation  of  all  longitudinal  modes  disposed  at  the  zone  of 
Bragg  reflection.  Later  at  the  second  stage  one  of  the  modes  grows  and  suppresses  other 
modes  due  to  a  nonlinear  mode  competition  mechanism.  This  results  in  a  single  mode  being 
established  (Fig.  la)  and,  consequently,  stationary  single  frequency  operation. 

Increasing  the  reflectivity  of  the  Bragg  mirrors  above  the  optimal  value  led  to  lower 
electron  efficiency  and  an  increase  in  the  width  of  the  radiation  spectrum.  In  this  case  the 
excitation  of  several  longitudinal  resonator  modes  takes  place  (Fig.  lb),  and  the  modulation  of 
the  output  signal  in  the  final  stage  of  evolution  is  caused  by  beating  between  these  modes. 

An  experimental  study  of  the  FEM  was  performed  on  the  linac  LIU-3000  (JINR,  Dubna) 
which  generated  electron  energies  of  0.8  MeV  and  a  200  A  beam  current  pulse,  of  duration 
-200  ns,  at  a  repetition  rate  up  to  1  Hz.  The  helical  wiggler  of  period  6  cm  and  amplitude  of 
the  transverse  magnetic  field  of  up  to  3.5  kG  was  used  to  drive  the  electron  transverse 
oscillations.  The  wiggler  was  immersed  in  a  uniform  axial  magnetic  field  generated  by  a 
solenoid.  The  strength  of  this  field  could  be  varied  from  -7  to  7  kG. 

In  the  oscillator  a  two-mirror  Bragg  resonator  was  used  to  provide  a  selective  feedback 
circle.  The  resonator  was  designed  for  TEu  operating  mode  with  three  possible  reflections 
within  Bragg  reflectors:  into  the  backward  waves  TEi  i ,  TMi  i  and  TMi  2  at  the  frequencies 
near  29  GHz,  31  GHz  and  38  GHz  respectively.  The  results  of  calculations  were  confirmed  by 
“cold”  microwave  measurements.  The  maximum  reflection  was  realised  in  the  38  GHz  zone 
and  minimum  reflection  in  the  29  GHz  zone.  The  number  of  high-Q-factor  longitudinal 
modes  for  every  reflection  zone  varied  from  3  to  7  when  the  length  of  regular  cavity  section 
between  30  -70  cm  and  lengths  of  the  reflectors  between  3  -  16  cm  were  changed. 

In  the  experiments,  radiation  at  the  designed  circularly  polarized  TEj  1  wave  and  separate 
frequencies  bands  corresponding  to  all  the  feedback  waves  mentioned  above  were  detected. 
Selection  of  the  feedback  regime  was  achieved  by  changing  both  the  wiggler  and  guide  fields. 
The  highest  radiation  power  as  well  as  the  narrowest  bandwidths  were  realized  at  a  frequency 
of  31  GHz  (TM 11.  back  ward  wave)  when  a  reversed  guide  field  configuration  was  used.  In 
this  zone  the  reflection  coefficients  of  the  Bragg  mirrors  and,  consequently,  the  Q-factors  of 
the  excited  modes  corresponded  to  the  optimal  calculated  values.  A  maximum  output  power 
of  37  MW  corresponding  to  a  record  FEM-oscillators  efficiency  of  26%  was  obtained. 


TIME  (ns)  FREQUENCY  (GHz) 

Fig.l  Computer  simulation  of  excitation  of  the  FEM-oscillator  with  mo-mirror  Bragg  resonator:  time 
dependence  of  efficiency  and  spectrum  of  radiation  in  the  stationary,'  regime  ( ?  >  50  ns ) 

a)  optimal  resonator  configuration  =16cm,  /„  =40cm,  l^rjosm  =3cm  ((7«400); 

b)  higli-Q resonator  =16cm,  =85cm,  =15cm  (^  =  2000); 

( =  0.8  MeV,  =  150  A,  -  -2  kG,  =  1  kG  ). 
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In  the  previous  experiments  [1]  spectrum  of  the  radiation  was  measured  by  means  of  a  set 
of  cut-off  waveguide  filters  with  an  accuracy  of  1.5%.  Such  frequency  measurements  did  not 
allow  us  to  prove  single-mode  operation  of  the  FEM  because  the  frequency  difference 
between  the  longitudinal  modes  was  comparable  with  the  measurement  precision.  New 
investigations  of  a  mode  pattern  in  the  oscillator  were  completed  recently.  The  microwave 
output  signal  was  recorded  using  high  time  resolution  (about  2  ns)  oscilloscope.  For  high 
efficiency  operation  with  optimal  (rather  small)  Q-factors  no  modulation  of  output  signal  was 
observed  (Fig.2a).  Conversely,  according  to  theoretical  predictions  for  the  cavity 
configuration  with  a  high  Q  factor  multimode  operation  of  the  oscillator  was  detected  by  the 
modulation  of  the  output  signal  due  to  beating  of  longitudinal  modes.  The  oscillator  efficiency 
in  this  configuration  was  ~5  to  10%.  The  beating  patterns  were  measured  for  several  resonator 
lengths  in  the  frequency  band  of  31  and  38  GHz.  It  was  noted  that  the  period  was  higher  for 
the  38  GHz  zone  as  compared  to  the  31  GHz  zone  (6.0  ns  for  31  GHz  fig  (2b)  and  7.5  ns  for 
the  31  GHz  fig  (2c)).  The  difference  in  the  period  can  be  explained  due  to  the  distance 
between  neighboring  longitudinal  modes  being  determined  by  the  distance  between  the 
mirrors  as  well  as  the  group  velocities  of  both  the  forward  and  backward  waves.  The  different 
frequency  zones  are  distinguished  by  the  different  backward  waves  which  provide  the 
feedback  cycle.  For  the  backward  TM^j  wave  the  group  velocity  is  smaller  than  the  TMi,i 
wave  which  resulted  in  a  decrease  in  the  frequency  interval  between  different  longitudinal 
resonator  modes  and  an  increase  in  the  beating  period. 


a)  b) 


Fig.2  Typical  oscilloscope  traces  (time  scale  10  ns/div)  of  RF-power  for  different  resonator  configurations; 

a)  /  =  31  GHz ,  lBr,up  =  16  cm,  =  40  cm,  =  4.5  cm  {0  «  450); 

b)  /  =  3 1  GHz ,  lBr,up  - 16  cm,  /„  =  70  cm.  =  15  cm  (0  « 1500 ); 

C)  /  =  .38  GHz  ,  =  16  cm,  -  70  cm,  =  15  cm  (g  «  3000 ). 

FBIM-AMPLIFIER  WITH  RF-INPUT  BASED  ON  THE  EFFECT  OF  MICROWAVE 
BEAMS  MULTIPLICATION 

Drawing  of  RF-input  for  the  FEM-amplifier  project  is  presented  in  Fig.3.  The  operating 
principle  of  the  RF-input  is  based  on  the  effect  of  microwave  beams  multiplication  [4].  In 
accordance  with  this  effect,  a  narrowly  directed  monochromatie  wave  beam  with  cross- 
section  a,  when  injected  into  a  wide  waveguide  with  its  cross-section  A>a,  excites  such  a 

set  of  eigenmodes  with  certain  definite  amplitudes  and  phases  that  at  distance  L  -  j pk 
from  the  input  of  the  wide  waveguide  the  field  looks  like  a  set  of  p  split  wave  beams  with 
amplitude  profiles  identical  to  the  injected  beam.  In  principle,  the  new  unit  makes  it  possible 
to  separate  microwave  and  electron  beams  and  to  provides  a  high  (up  to  100%)  transformation 
of  the  input  signal  into  the  operating  wave  of  an  oversized  waveguide  without  any  elements 
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Fig.3  Scheme  of  the  RF-input  based  on  the  effect  of  microwave  beams  multiplication. 


28.0  30.0  32.0  34.0  36.0  38.0 


FREQUENCY  (GHz) 


Fig.4  Results  of  «cold»  microwave  measurements  of  the  RF-input:  transformation  coefficient  versus  frequency. 

on  electron  beam  aperture.  Moreover,  this  high  transformation  is  possible  in  rather  wide 

(about  10%)  frequency  range.  ^ 

For  the  project  the  RF-input  was  designed  with  a  85%  input  signal  transformation  into  the 
operating  TEij  mode  of  a  circular  waveguide  in  the  frequency  region  from  32  to  37  GHz. 
Results  of  “cold”  microwave  measurements  are  presented  in  Fig.4.  Channel  1  corresponds  to 
transformation  into  the  interaction  region  and  channel  2  (the  rest  1 5%  of  the  input  signal)  is 

designed  to  use  for  on-line  control.  . 

Experimental  study  of  the  amplifier  on  LIU-3000  is  under  progress  now.  Magnetron  with 
the  frequency  of  36.4  GHz  was  used  to  drive  the  amplifier.  At  the  present  stage  of  the 
experiment  amplification  of  20  dB  and  output  power  of  5  MW  were  obtained  when  the  beam 
of  current  of  1 10  A  is  utilized.  We  expect  that  at  the  next  stage  an  improvement  in  the  beam 
transportation  through  the  new  unit  and  the  use  of  full  beam  current  produced  by  the 
accelerator  (about  1 80  -  200  A)  will  increase  the  amplification  and  output  power. 

This  work  is  supported  by  grants  97-02-16643  and  97-02-17379  of  Russian  Foundation  for  Basic  Research. 
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The  use  of  two-dimensional  Bragg  resonators  of  planar  geometry,  realizing  two-dimensional 
distributed  feedback,  is  considered  as  a  method  of  producing  spatially  coherent  radiation  from  a  large 
sheet  electron  beam.  Selective  properties  of  a  2-D  Bragg  resonator  are  studied  when  the  transverse 
sides  of  the  resonator  are  open  and  also  when  they  are  closed.  A  time-domain  analysis  of  the  excitation 
of  an  open  2-D  Bragg  resonator  by  a  sheet  electron  beam  demonstrates  that  a  single  mode  steady-state 
oscillation  regime  may  be  obtained  for  a  sheet  electron  beam  of  width  up  to  1000  wavelengths.  At  the 
same  time,  even  in  a  closed  2-D  Bragg  resonator  a  steady-state  regime  can  be  realized  if  the  beam 
width  does  not  exceed  50  -  100  wavelengths.  Project  of  FEL  with  a  2-D  Bragg  resonator  driven  by  a 
sheet  electron  beam  based  on  the  U-2  accelerator  (INP  RAS,  Novosibirsk)  is  discussed. 


INTRODUCTION 

The  project  of  gigawatt  power  level  millimeter  wave  FEL  driven  by  a  large  high-current 
sheet  beam  is  developed  during  the  last  several  years  on  the  base  of  the  U-2  accelerator  (INP 
RAS,  Novosibirsk)  [1,2].  The  use  of  a  beam  of  such  geometry  makes  it  possible  to  increase 
the  total  beam  power  and,  correspondingly,  the  microwave  power  while  still  keeping  the 
current  and  radiation  density  per  unit  transverse  size  constant.  Indeed  at  the  U-2  accelerator  a 
microsecond  relativistic  sheet  beam  with  electron  energy  of  1  MV,  current  per  unit  transverse 
size  of  1  kA/cm,  transverse  size  up  to  140  cm  and  power  level  of  tens  of  gigawatts  was 
generated  [3]. 

To  provide  a  spatial  coherence  of  the  radiation  in  FEL  driven  by  the  large  size  beam  the 
use  of  “two-dimensional”  Bragg  resonators  was  proposed  [4].  Within  these  resonators  mutual 
scattering  of  electromagnetic  energy  fluxes  propagating  in  forward,  backward  and  transverse 
directions  relative  to  the  direction  of  electron  beam  propagation  takes  place.  The  additional 
transverse  electromagnetic  energy  fluxes  synchronize  radiation  of  the  large  size  beam.  In  [5]  a 
high  selectivity  of  the  open  planar  2-D  Bragg  resonators  was  proved.  Simulations  of 
excitation  of  these  resonators  by  sheet  beams  demonstrated  the  possibility  to  provide  spatial 
coherent  radiation  up  to  the  beam  width  of  10^  -  10^  wavelengths. 

However,  to  design  FEL  with  the  open  2-D  Bragg  resonator  one  should  solve  a  problem 
of  output  for  the  transverse  e.m.  fluxes.  Actually,  the  transverse  output  of  the  radiation 
through  the  walls  of  beam  transporting  channel  and  the  electron-optical  system  (solenoid)  is  a 
rather  complicated  problem.  In  principal,  using  some  additional  elements  it  is  possible  to  turn 
these  transverse  fluxes  and  to  provide  a  single-directed  output  of  radiation.  However,  it  seems 
more  simple  to  restrict  the  resonator  by  two  metal  mirrors  on  transverse  edges  and  to  consider 
the  “transversely  closed”  scheme  of  the  FEL  (fig.  1). 

In  the  present  report  we  study  an  influence  of  reflections  for  transverse  e.m.  fluxes 
(reflections  provided  by  restricting  metal  mirrors  or  “parasitic”  reflections  from  the  side  walls 
of  the  vacuum  channel)  on  selective  properties  of  the  2-D  Bragg  resonator.  Project  of  super¬ 
power  FEL  operating  in  millimeter  wavelength  bang  and  driven  by  sheet  relativistic  electron 
beam  that  is  formed  by  the  accelerator  U-2  is  discussed. 
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SIMULATIONS  OF  “COLD”  2-D  BRAGG  RESONATOR 

A  planar  2-D  Bragg  resonator,  constructed  from  two  metal  plates  of  width  4 ,  length  4 , 
distance  between  them  (fig.  1)  and  corrugated  as 

a  =  fiTo  +  ^7,  [cos(  hx  -hz)  +  cos(  hx  +  hz)\  (1) 

{h  =  yflKld ,  d is  the  corrugation  period,  a,  is  the  corrugation  depth)  provides  coupling  and 
mutual  scattering  of  four  partial  waves:  A+  propagating  in  ±z  directions  and  B+  propagating 
in  ±x  directions.  We  assume  that  the  partial  waves  do  not  reflect  from  the  end  of  the 
resonator  in  the  longitudinal  ±z  directions,  but  there  is  a  reflection  R  for  the  transverse 
energy  fluxes  from  the  transverse  edges  of  the  resonator. 


Fig.l  Schematic  diagram  of  FEL -oscillator  with  closed  planar  2-D  Bragg  resonator  dri\en  by  sheet  electron 
beam  (a),  and  diagram  illustrating  the  scattering  of  the  partial  waves  on  the  Bragg  structure  (b). 

Evolution  of  the  resonator’s  spectrum  versus  the  reflection  coefficient  R  is  shown  in  fig.2. 
This  spectrum  is  obtained  from  simulation  using  a  time-domain  code  for  the  partial  waves 
scattering  on  the  Bragg  structure  (1).  This  method  allows  one  to  separate  the  highest  Q-factor 
modes  presented  in  the  spectrum.  For  R  <  0.2  the  spectrum  of  eigenfrequencies  is  close  to  the 
spectrum  of  the  open  resonator  (Fig.2).  The  resonator  retains  high  selectivity  over  the 
longitudinal  and  the  transverse  coordinates  with  the  maximum  Q-factor  belonging  to  the 
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eigenmode  at  the  Bragg  resonance  frequency  a  =  he .  The  structure  of  synchronous  to  the 
electron  beam  partial  wave  A+  for  this  eigenmode  does  not  depend  on  the  transverse 
coordinate.  The  Q-factor  of  this  mode  decreases  with  an  increase  of  the  reflection  coefficient 
and  at  0.3  <R< 0.8  the  eigenmodes  with  one  field  variation  over  both  the  transverse  and 
longitudinal  coordinates  located  at  o)«a(l±2a)  (where  is  the  parameter 

describing  coupling  of  the  partial  wave  on  the  Bragg  structure  [4])  have  the  Wghest  Q-factor. 

At  1  a  new  set  of  eigenmodes  having  frequencies  ®  arises.  Under 

the  zero  wave  coupling  condition  (a  =  0)  these  eigenmodes  are  reduced  to  the  eigenmodes  of 
a  two-mirror  Fabry-Perot  resonator  formed  by  the  metal  side  walls.  The  Q-factors  of  these 
modes  decrease  with  the  increase  of  wave  coupling  a  (in  contrast  to  the  behaviour  of  modes 
located  near  ©  «  o  and  o  «  ©(1  ±  2a) ,  which  originate  from  scattering  of  the  waves  on  the 
Bragg  structure).  At  a  0  the  Q-factors  of  the  eigenmodes  from  all  sets  of  modes  are 
comparable  to  each  other  (fig.2)  and,  as  a  result,  the  selective  properties  of  the  “cold” 
resonator  are  impaired. 

EXCITATION  OF  2-D  BRAGG  RESONATOR  BY  SHEET  ELECTRON  BEAM 

The  simulations  of  excitation  of  the  2-D  Bragg  resonator  were  carried  out  for  parameters 
of  an  electron  beam  close  to  the  conditions  of  the  experimens  at  the  U-2  accelerator.  The  RF- 
field  was  presented  in  the  form  of  four  partial  waves  (propagating  in  the  ±z  and  ±x  directions) 
which  were  coupled  on  the  Bragg  gratings  (1).  The  particles  motion  was  described  by  a 
pendulum-like  equation. 

For  the  open  2-D  Bragg  resonator  the  dependencies  of  efficiency  on  time  at  the  region  of 
parameters,  where  the  establishment  of  the  stationary  regime  of  generation  takes  place,  are 
presented  in  the  Fig.3.  At  the  stationary  regime  spatial  profiles  of  partial  waves  A+  and  B± 
are  close  to  the  profiles  of  corresponding  waves  for  the  most  high-Q  mode  of  "cold" 
resonator.  The  frequency  of  this  mode  as  well  as  the  oscillations  frequency  coincides  with  the 
Bragg  frequency.  Note,  that  transverse  distribution  of  amplitude  of  synchronous  wave  A+ 
does  not  depend  on  transverse  coordinate  x  that  provides  equal  energy  extraction  from  all 
parts  of  the  electron  beam.  It  can  be  shown  analytically  that  for  open  2-D  Bragg  resonator  a 
distribution  of  waves  along  longitudinal  coordinate  as  well  as  efficiency  do  not  change  when 
the  conditions  L  =  const  and  a}l^  =  const  are  satisfied.  Such  a  scaling  gives  possibility  to 

increase  the  width  of  the  interaction  space  simultaneously  decreasing  the  coupling  parameter. 
Computer  simulations  confirms  that  under  conditions  close  to  the  parameters  of  the 
experiment  the  synchronization  regime  is  stable  at  least  up  to  <  300  cm  (that  correspond  to 
4/X  w  750 ).  However,  the  transitional  time  increases  with  increasing  system's  width  (Fig.3a). 

The  numerical  simulations  of  oscillation  build-up  in  the  resonator  with  small  side 
reflections  (7?  <0.2)  demonstrate  the  existence  of  a  broad  range  of  the  systems  parameters 
where  the  single-mode  operation  regime  is  established  practically  for  any  width  of  the 
resonator.  In  this  case,  similar  to  the  open  resonator,  the  fundamental  mode  at  the  Bragg 
frequency  ©  =  ©  with  constant  transverse  distribution  is  excited  by  the  beam. 

For  the  high  reflectivity  from  the  transverse  side  walls  ( « 1 )  the  single  mode  operation 
regime  is  changed  to  self-modulation  regime  for  large  widths  of  the  resonator 
>80 4- 100 cm.  These  regimes  are  accompanied  by  excitation  of  several  modes  of  the 

resonator,  beating  of  which  takes  place  (fig. 3b).  However,  for  <50  cm  the  single-mode 
operating  regime  may  be  realized  even  in  the  closed  resonator  (/?  =  1 ).  The  establishment  of 
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the  single-mode  operating  regime  is  caused  by  electronic  selection  of  different  modes  (as 
opposed  to  electrodynamical  mode  selection  in  the  open  2-D  Bragg  resonator).  It  should  be 
noted  that  even  small  RF-losses  for  transverse  e.m.  fluxes  (i.e.  decrease  in  reflection  from  the 
transverse  side  walls)  stabilize  the  single-mode  operation  of  the  PEL. 


rig.3  Oscillations  build-up  in  PEL  with  open  (i?  =  0 .  a)  and  closed  ( /?  =  1 ,  b)  planar  2-D  Bragg  resonator: 
time  dependence  of  efficiency 

(£4  =  IMeV,  =  200  A/cm,  A.  =  4mm,  4cm,  =  0.  IT,  =  IT,  /,  =  50cm  ). 

PROJECT  OF  POWERFUL  FEL  BASING  ON  THE  U-2  ACCELERATOR 

The  theoretical  analysis  carried  out  has  demonstrated  the  potential  of  2-D  Bragg 
resonators  in  obtaining  high-power  spatially-coherent  radiation  from  a  wide  relativistic 
electron  beam.  The  computer  simulations  discussed  above  were  made  for  the  project  of  4  mm 
FEL  with  such  a  resonators  on  the  base  of  high-current  accelerator  U-2  (1  MV  /  1  kA/cm  /  5 
mcs).  The  wiggler  of  4  cm  period  and  amplitude  of  the  transverse  field  up  to  0. 1  T  is  used  to 
drive  the  oscillatoiy  electron  velocity  *  0.2  ^  0.3  at  axial  guide  field  strength  about  1  T  [2]. 
Following  computer  simulations,  the  use  of  an  open  2-D  Bragg  resonator  with  a  corrugation 
of  period  3  mm  and  depth  0.4  mm  would  make  it  possible  to  realize  a  single  mode-operation 
regime  in  the  FEL.  The  transit  time  will  be  about  300  ns.  With  15%  efficiency  the  radiation 
power  amounts  to  20  GW.  However  this  scheme  of  the  FEL  requires  additional  elements  to 
output  radiation  which  should  have  “parasitic”  reflections  for  transverse  e.m.  fluxes  not 
higher  than  20%. 

At  the  same  time,  for  a  sheet  beam  of  width  less  than  50  cm  (4/?i  ==  100)  the  simpler 
transversely  closed  resonator  scheme  may  be  used  in  the  project.  The  transient  time  is 
expected  to  be  shorter  than  150  ns  and  the  radiation  power  is  calculated  to  be  up  to  5  GW. 

This  work  is  supported  in  parts  by  grant  #53 1  of  International  Science  and  Technolog}.'  Center  and  grant 
97-02-17379  of  Russian  Foundation  for  Basic  Research 
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INTRODUCTION 

A  potential  cleaning  method  for  polluted  construction  surfaces  by  high-power  pulses  of 
microwave  radiation  may  be  based  on  the  destruction  of  a  surface  thin  layer  by  an  action  of 
shock  waves  generated  due  to  dissipation  of  the  microwave  energy  there.  When  defining  the 
possibility  of  concrete  plane  layer  destruction  by  high-power  microwave  radiation  flux  it 
should  be  stressed  that  dry  concrete  being  dielectric  material  conducts  electromagnetic 
radiation  rather  well  (specific  resistance  is  more  than  10^  Ohm-m),  but  shock  wave  generation 
and  fragments  formation  under  its  action  occurs  most  intensively  at  local  energy  release. 
Obviously  the  prime,  problem  is  to  create  a  small  region  in  a  material  capable  of  under 
microwave  pulse  to  generate  a  shock  wave  which  has  the  ability  to  cause  fragmentation  on  a 
sample  surface.  Such  region  should  have  increased  conductivity  which  ensures  the  creation  of 
the  region  with  high  energy  density.  The  creation  of  such  a  region  can  be  available,  for 
example,  by  saturation  of  concrete  surface  with  a  well  conductive  salt  solution,  as  it  is  known 
that  concrete  has  water  absorption  from  4-8%  III  up  to  30  -  40%  11!  of  its  mass  according  to 
various  publications.  Current  experiments  show  that  the  specific  resistance  of  a  concrete  region 
has  been  accepted  equal  to  50  Ohm-m.,  and  the  skin  length  corresponding  to  4  mm 
wavelength  of  electromagnetic  radiation,  is  1.2  cm. 

MEASUREMENTS  OF  ABSORPTION  DISTRIBUTION  OF  MICROWAVE  ENERGY 
BY  CONCRETE  AND  ITS  COMPONENTS 

in  order  to  measure  absorption  of  the  microwave  energy  a  special  experimental  device  has 
been  constructed.  Schematic  of  this  device  is  shown  in  Fig.l.  Microwave  radiation  with  a 
wavelength  4mm  or  8mm  is  generated  by  a  klystron  generator  KG,  passes  through  a 
directional  coupler  DC,  an  attenuator  Att  and  a  standing- wave  meter  SWM.  Than  the  radiation 
propagates  through  a  tapered  transition  from  4mm  (or  8mm)  waveguide  to  3  cm  waveguide.  In 
the  3cm  waveguide  an  investigated  sample  S  is  placed.  The  length  of  the  sample  can  be  varied 
from  one  set  of  measurements  to  another  during  experimental  investigations  and  as  a  result,  the 
dependence  of  microwave  power  decrease  on  the  increase  of  the  thickness  of  the  investigated 
matter  has  been  experimentally  obtained. 


-837- 


Fig.l.  Schematic  of  the  experimental  device. 

KG-  Klystron  Generator;  DC-  Directional  Coupler;  Att- 
Attenuator;  SWM-  Standing  Wave  Meter;  TT-  Tapered 
Transition  from  4  (or  8)  mm  to  3cm;  IS-  Sample  for 
Investigation;  D  l,  D2,  D3-  Detectors  of  microwave 
radiation;  mV-  millivoltmeters. 


Absorption  factor 


Fig.  2.  The  absorption  factor  of  microwaves  with 
wavelength  4  mm  and  8  mm  by  concrete. 


about  4  cm  for  both  values  of  the  wavelength. 


Results  of  measurements  for  the 
samples  made  of  concrete  with  a 
various  thickness  are  presented  in  Fig. 2, 
The  samples  were  made  of  the  concrete 
marked  «200».  Measurements  of 
electrical  properties  of  such  samples 
were  performed  at  the  device  in  two 
weeks  after  their  production.  The 
absorption  depth  of  the  concrete  for  the 
wave  with  a  wavelength  A,=4mm  is  1^2 
cm  and  the  reflection  coefficient  for  this 
wave  is  about  10%.  For  the  wave  with 
X,=8mm  the  absorption  depth  is  about 
2^3  cm  and  the  reflection  coefficient  is 
some  more  than  20%. 

The  absorption  depth  and  the 
reflection  coefficient  for  concrete 
components  are  of  importance  in 
analyzing  the  prospect  of  using  the 
microwave  radiation  for  destruction  of 
the  concrete  wall  surface.  For  this 
purpose  the  measurements  of  these 
parameters  were  carried  out  for  dry 
cement  and  dry  sand.  We  can  report 
that  both  these  components  have 
(20-25)%  reflection  coefficient  as  for 
A,=4mm  and  for  A,=8mm  too.  As  to  the 
absorption  depth,  this  parameter  is 
somewhat  different  for  the  cement 
samples  and  the  sand  ones.  In  the  case 
of  cement  the  depth  is  about  2  cm  at 
X=4mm  and  about  4  cm  i\,=8mm.  For 
the  sand  samples  the  absorption  depth  is 


NUMERICAL  CALCULATIONS  OF  CONCRETE  DESTRUCTION 


Under  intense  energy  release  a  concrete  can  be  destroyed  due  to  tension  (fragmentation 
or  shear  destruction).  Estimations  of  this  possibility  were  carried  out  by  using  one-dimensional 
code  VOLNA  and  two-dimensional  one  RAPID,  the  basic  algorithms  of  which  are  described  in 
/3,4/.  In  doing  so  elastic-plastic  properties  of  materials  and  destruction  simulation  were  carried 
out  according  to  the  approach  given  in  151. 

A  plane  concrete  layer  (z>0)  with  free  boundaries  was  irradiated  by  a  microwave  beam 
with  Gaussian  profile  of  width  r^.  The  layer  thickness  was  chosen  sufficiently  that  the  right 
boundary  had  no  effect  on  obtained  results. 

Spatial-temporal  distribution  in  cylindrical  coordinate  system  of  microwave  energy 


absorbed  by  concrete  was  set  as 


dEjt.r.z)  _  Q 

dtdzdr  /•/“‘’HrJ  r\o.l>T. 


where  the 
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characteristic  decay  constant  /=1.2  cm  corresponded  to  the  specific  resistance  50  Ohm-m, 
a-o=5  cm.  The  duration  of  microwave  pulse  T  and  energy  flux  density  0  were  varied  in 
calculations. 

Equation  of  state  for  concrete  was  defined  as  P  =  Co^(p-Po^)  +  (Y-l)p.£^  .  The  initial 

concrete  density  coincided  with  «crystalline»  density  and  was  equal  to  poo=Poo=2.25  g/cm^ 
According  to  the  specified  above  tabulated  data  the  parameters  the  equation  of  state  were  the 
following:  acoustic  velocity  Coo=2.4  km/s,  Gruneisen  coefficient  y=1.3. 

The  values  of  concrete  dynamic  strength  characteristics  were  assumed  to  be  equal  to  their 
static  values  specified  above.  The  value  of  the  shear  strength  Y  was  assumed  to  be  constant 
and  is  equal  to  T=0.02  GPa,  and  the  value  of  the  tensile  strength  (fragmentation  strength)  - 
ads=-30  kg/cm^=-0.003  GPa  151. 

The  strength  properties  of  the  concrete  fell  sharply  under  shear  destruction.  The  shear 
strength  for  such  material  was  specified  in  relation  to  pressure: 

=  A=0.002  GPa,  3=1. 

In  the  absence  of  pressure  it  decreased  to  zero,  and  as  the  pressure  increased  it  returned 
to  the  value  equal  to  0.1  of  concrete  strength.  It  was  assumed  that  this  material  could  not  resist 
to  tension  (ads=0).  The  concrete  destroyed  by  tension  was  devoid  of  shear  and  tensile  strength. 

One-dimensional  calculation  results  demonstrating  a  concrete  state  after  irradiation  are 
presented  in.  Fig.  3.  It  shows  data  for  the  stress  tensor  in  the  form  of  ai(z)  profiles  at  various 
times,  illustrating  wave  distribution  in  the  bulk  of  the  concrete  and  its  destruction.  The 
destruction  of  the  concrete  is  realized  when  the  minimum  value  of  released  energy  at  which 
destruction  (fragmentation)  of  the  concrete  under  consideration  occurs.  It  can  be  seen  in  Fig.3 
that  under  the  pulse  duration  T-l  psec  and  the  energy  flux  density  0=30  J/cm^  fragmentations 
occur  at  the  time  4  psec  and  the  point  z«1.3  cm. 

This  value  of  the  energy  flux  density  0  needed  for  concrete  destruction  increases  with  the 
increasing  of  the  pulse  duration.  The  needed  density  becomes  80  J/cm^  at  t=10  psec  and  then 
higher  than  the  limit  of  shear  destructions  120  J/cm^,  which  is  in  agreement  with  estimations 
made  in  quasistatic  approximation  (in  this  case  both  zones  of  fragmentation  and  shear 
destructions  occur).  The  material  destroyed  in  shear  (owing  to  loss  in  strength)  then  undergoes 
fragmentation  destruction. 

More  realistic  two-dimensional  calculations  confirm  the  one-dimensional  model.  The  two- 
dimensional  calculations  of  final  state  of  the  concrete  irradiated  by  the  microwaves 
with  T=100  psec  and  O«120  J/cm^  are  presented  in  Fig.4.  For  this  case  in  the  region  of  the 
most  intense  energy  absorption  the  shear  destruction  is  realized  because  the  material  has  no 
time  to  change  anisotropic  type  of  stress  state  caused  by  irradiation.  And  hence  the  shear 
destructions  zone  is  surrounded  by  the  fragmentation  zone  which  exceeds  it  in  sizes 
approximately  two  times. 

DISCUSSION  OF  OBTAINED  RESULTS 

Results  of  calculations  and  estimations  show  that  for  the  concrete  with  the  specific 
resistance  about  50  Ohm-m  fragmentation  phenomenon  occurs  in  the  distruction  thickness 
about  2  cm  under  the  effect  of  high-power  microwave  radiation  for  the  pulses  with  energy 
fluxes  of  30  J/cm^  at  duration  about  1  psec,  for  80  J/cm^  at  duration  10  psec  and  for  120  J/cm^ 
at  duration  about  1 00  psec. 
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Fig.3.  Stress  profiles  cti(z)  at  different  times  (Q=30  Fig4.  State  of  concrete  after  microwaves  irradiation  at 
J/cm^  pulse  duration  T=l|j.sec)  Q=120J/cm',  T=100p.sec 

The  experimental  measurements  show  that  the  parameters  of  the  region  with  increased 
conductivity  have  been  chosen  to  correspond  most  closely  to  the  real  conductivity  of  wet 
concrete  providing  absorption  of  about  80%  of  electromagnetic  energy  falling  on  the  irradiated 
surface. 

On  the  basis  of  our  investigations  it  is  possible  to  formulate  the  first  requirement  on 
microwave  generators  at  which  one  can  perform  experimental  works  on  destruction  of 
concrete  surfaces;  the  power  is  0.3-1-1  GW  and  the  pulse  duration  is  1-100  fisec.  Such 
generators  may  be  constructed  on  the  base  of  high-current  sheet  beams  (see  /6/). 

The  work  was  partially  supported  by  ISTC  grant  ti53J. 
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High-power  microwave  was  measured  at  a  frequency  range  from  9.SGHz  to  13.4  GHz 
in  a  plasma-loaded  backward-wave  oscillator  employing  an  annular  relativistic  electron  beam 
with  kinetic  energy  varying  from  400  keV  to  500  keV  and  current  ranging  from  \kAXo3  kA. 
The  relativistic  electron  beam,  which  was  produced  from  a  helium  gas-loaded  foilless  diode, 
was  injected  into  the  helium  gas-loaded  rippled-wall  waveguide  of  the  backward-wave 
oscillator,  generating  the  plasma  in  the  waveguide  and  then  the  high-power  microwave.  The 
gas-loaded  diode  operated  stably  without  encountering  the  closure  problem  in  the  helium  gas 
pressure  range  ( less  than  100  mTorr )  which  was  of  interest  to  the  operation  of  the  backward- 
wave  oscillator.  An  enhancement  in  the  total  microwave  power  emission  over  the  vacuum  case 
by  a  factor  of  up  to  7  was  found  in  the  experiment,  and  the  highest  efficiency  of  electron  beam 
to  microwave  radiation  was  estimated  to  be  about  29%. 

1.  INTRODUCTION 

The  backward-wave  oscillator  ( BWO  )  is  one  of  the  most  successful  examples  utilizing 
relativistic  electron  beams  to  generate  high-power  microwave  radiations.  Many  authors  [1-10] 
have  focused  their  attention  on  this  device  for  more  efficient  operation  at  high-power  levels, 
and  important  results  have  been  obtained  both  experimentally  and  theoretically.  In  order  to 
further  enhance  the  output  power  of  microwave  and  the  conversion  efficiency  of  electron  beam 
to  microwave  radiation,  some  scientists  [11-19]  have  introduced  background  plasmas  into  the 
BWO,  and  both  theoretical  and  experimental  results  have  demonstrated  that  the  background 
plasma  improves  the  beam-waveguide  interaction  dramatically. 

The  background  plasma.,  can  be  easily  produced  by  the  electron-beam-impact  ionization 
of  a  low  pressure  neutral  gas  prefilled  in  the  device[ll-15].  In  addition,  one  can  also  fill  the 
device  with  plasma  by  the  external  injection[16-19].  In  the  case  of  the  electron  beam  injection 
into  a  low  pressure  neutral  background  gas  producing  a  plasma  in  the  BWO,  an  anode  foil  was 
usually  employed  to  separate  the  vacuum  diode  from  the  gas-loaded  rippled-wall 
waveguide[ll].  In  this  situation,  the  anode  foil  needs  to  be  changed  after  each  shot  and  the 
anode  foil  may  lead  to  the  degradation  of  the  beam  angular  characteristics[20].  The  goal  of  the 
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present  experiment  was  to  remove  the  anode  foil  and  develop  a  helium  gas-loaded  foilless  diode 
to  investigate  our  plasma-filled  BWO.  The  experiment  presented  the  electron  beam  to 
microwave  radiation  conversion  efficiency  of  29%  for  the  plasma-filled  BWO  in  the  frequency 
range  from  9.5  GHz  to  13.4  GHz. 

For  the  production  of  a  background  plasma  in  the  present  experiment,  the  foilless  diode 
and  the  rippled-wall  waveguide  of  the  BWO  were  both  filled  with  a  low  pressure  helium  gas. 
Depending  on  the  background  gas  pressure,  an  enhancement  over  the  vacuum  case  by  a  factor 
of  up  to  7  in  the  total  power  emission  was  found  in  the  experiment. 

The  remainder  of  this  paper  is  organized  as  follows.  In  Sec.  II,  the  description  of  the 
experiment  is  given.  In  Sec.  Ill,  the  experimental  results  are  presented  and  discussed. 
Conclusions  are  stated  in  Sec.  IV. 

II  EXPERIMENTAL  SETUP 

A  schematic  of  our  plasma-filled  BWO  is  shown  in  Fig.l.  The  REB  with  duration  of  40 
m  was  generated  in  a  foilless  diode  in  which  a  hollow  cathode  with  inner  diameter  of  10  mm 
and  outer  diameter  of  12  mm  was  employed.  The  voltage  of  the  operating  diode  was  in  the 
range  of  400  keV --  500  keV,  and  the  beam  current  varied  from  1  L4  to  3  kA.  The  REB  was 
then  injected  into  the  rippled-wall  cylindrical  waveguide  of  the  BWO,  whose  radius  R(z)  varies 
sinusoidally  according  to  the  relation 

R(z)=Ro+hcos(k(fi)  ,  (  1 ) 


II 


I.  Cathode  2.  Anode  3.  Reflector  4.  Rippled-wall  waveguide 

6.  Smootli  taper  7.  Helium  inlet  8.  Receiving  horn  9.  Attenuator 

II.  Oriented  coupler  12.  Crystal  detector  13.  Dispersive  line  14.  Cable 

16.  Crystal  detector  17.  Digitizing  oscilloscope 

FIG.  1.  Experimental  setup 


S.  Magnetic  coils 
10.  X-band  waveguide 
15.  Attenuator 


where  7?o=1.45  cm  is  the  average  radius  of  the  rippled-wall  waveguide,  /?=0.2  cm  represents 
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the  ripple  amplitude,  zo=1.8  cm  denotes  the  ripple  period,  and  kd=2n/zo  is  the  ripple  wave 
number. 

The  voltage  Vd  of  the  diode  was  monitored  by  a  voltage  divider,  the  beam  current  h 
was  collected  using  a  Faraday  cup,  and  the  total  current  of  the  diode  circuit  was  measured  by  a 
current  divider.  The  entire  system  was  immersed  in  an  externally  applied  axial  guide  magnetic 
field  of  7  kG  ~18  kG.  The  guide  magnetic  field  played  an  important  role  in  the  REB 
propagation,  and  exerted  an  obvious  influence  on  the  interaction  occurred  in  the  device. 

We  placed  an  rf  receiving  horn  at  the  end  of  the  BWO  to  receive  the  high-power 
microwave  emitted  from  the  BWO.  For  measuring  the  total  power  of  the  microwave,  the 
calibrated  crystal  detector  and  attenuators  were  used  directly,  and  the  detected  microwave 
signal  was  sent  to  a  HP54502A  digitizing  oscilloscope.  The  frequency  of  the  microwave  was 
measured  by  a  dispersive  line  of  X-band,  in  which  different  frequency  components  were 
discriminated  by  their  different  group  velocities.  In  the  dispersive  line  technique,  the  received 
microwave  signal  propagated  through  an  X-band  rectangular  waveguide  and  reached  an 
oriented  coupler  which  divided  the  microwave  radiation  into  two  beams.  One  beam  traveled 
directly  to  a  crystal  detector,  and  the  other  turned  to  the  dispersive  line  of  X-band,  then 
propagated  to  another  crystal  detector.  Finally,  the  two  detected  microwave  signals  were  both 
scanned  and  shown  on  one  HP54502A  digitizing  oscilloscope.  Thus,  one  can  read  the  time 
difference  of  the  propagation  of  the  two  microwave  signals  on  the  screen  of  the  oscilloscope 
and  determine  the  propagation  time  of  the  microwave  in  the  dispersive  line,  which  bears  a 
relation  to  the  group  velocity  of  the  microwave.  It  may  be  mentioned  that  the  frequency  of  the 
microwave  is  a  function  of  the  group  velocity  of  the  microwave  and  one  can  determine  the 
frequency  easily. 


FIG.  2.  The  generation  of  plasma  in  the  BWO  in  which  the  foilless  diode  and  the  rippled-wall 
waveguide  were  both  filled  with  the  helium  gas. 


A  description  of  the  plasma  generation  is  shown  in  Fig.2.  In  general,  the  REB  is 
produced  from  a  vacuum  diode  maintained  at  about  10'*  Torr.  In  studying  the  plasma-filled 
BWO  that  used  the  technique  of  beam-  impact  ionization  of  a  low  pressure  neutral  gas  [11], 
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one  had  to  employ  a  diode  with  an  anode  foil  separating  the  vacuum  diode  from  the  gas-loaded 
rippled-wall  waveguide.  In  this  case  the  anode  foil  bears  the  pressure  difference  of  the  diode 
region  and  the  rippled-wall  waveguide,  and  needs  to  be  changed  after  each  shot.  In  order  to 
solve  this  difficulty,  as  shown  in  Fig. 2,  we  have  developed  a  helium  gas-loaded  foilless  diode 
[21]  that  operated  stably  when  the  gas  pressure  was  below  100  mTorr  in  the  presence  of  an 
axially  applied  guide  magnetic  field.  The  development  of  the  gas-loaded  foilless  diode  is  of 
interest  to  the  repetitive  pulse  operation  of  the  plasma-loaded  BWO. 

Ill,  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  introduction  of  a  helium  gas  into  the  foilless  diode  will  affect  the  generation  of  the 
REB.  Figure  3  displays  the  experimental  data  for  the  diode  operation  voltage  Vo  versus  the 
helium  pressure  Pue  in  the  presence  of  an  axially  applied  guide  magnetic  field  B^\  1  kG,  and 
figure  4  shows  the  experimental  data  of  the  beam  current  Ib  versus  the  helium  gas  pressure  Pne 
for  B=\  1  kG.  It  can  be  seen  from  Figs. 3  and  4  that  the  beam  current  increases  substantially  with 
the  increase  of  the  helium  gas  pressure  and  the  diode  operation  voltage  drops  simultaneously, 
which  implies  a  decrease  in  the  diode  impedance.  In  addition,  the  diode  operated  unstably  and 
shorted  in  most  of  the  shots  when  the  helium  gas  pressure  exceeded  100  mTorr  in  the  presence 
of  an  axially  applied  guide  magnetic  field. 


FIG.  3.  The  operation  voltage  Vd  versus  the 
helium  gas  pressure  P//,  for  guide  magnetic  field 
B=\\kG 


FIG.4.  The  beam  current  h  versus  the  helium  gas 
pressure  for  guide  magnetic  field  B=  \  l  kG 


The  frequency  is  an  important  parameter  describing  the  microwave.  In  the  experiment, 
we  measured  the  microwave  frequency  using  the  dispersive  line  which  was  built  up  by  using  the 
standard  X-band  rectangular  waveguide.  The  microwave  was  propagated  through  the 
dispersive  line  in  the  TEoi  mode,  and  the  group  velocity  Vg  can  be  expressed  as 

^.=c[l-(/c//)^]‘'^  ,  (2) 

where  fc  is  the  cutoff  frequency  of  the  rectangular  waveguide,  /  is  the  microwave 
frequency,  and  c  denotes  the  speed  of  light  in  vacuum.  In  addition,  the  group  velocity  Vg  can 
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be  determined  by 


V,  =  LIT  ,  (3) 

where  L  is  the  length  of  the  dispersive  line  and  T  represents  the  propagation  time  of  the 
microwave  in  the  dispersive  line.  Thus,  the  microwave  frequency  can  be  obtained  by  using 
Eqs,(2)  and  (3). 

The  microwave  frequency  of  the  vacuum  BWO  was  measured  to  be  8.7  GHz  ~  9.5  GHz 
when  the  diode  voltage  was  varied  from  400  kV  to  500  kV.  Employing  the  formulation  of  the 
theoretical  models  [  5,7,10,19],  one  can  calculate  the  frequency  of  TMoi  mode  of  the  vacuum 
BWO  and  obtain  a  theoretical  result  of  9.1  GHz  ~  9.5  GHz,  which  resembles  the  experimental 
result.  Therefore,  we  deduce  that  the  operating  mode  of  the  high-power  microwave  in  the 
rippled-wall  waveguide  is  TMoi  mode. 


FIG.  6.  The  microwave  peak  power  Pout  versus  the 

FIG.  5.  The  microwave  frequency  /  versus  the  helium  .,  x-  r>  ■  xu 

guide  magnetic  field  B  in  the  vacuum  BWO  case 

gas  pressure  Phi 


In  the  case  of  the  plasma-loaded  BWO,  the  microwave  frequency  was  found  to  be 
upshifted  to  9.5  GHz  ~  13.4  GHz,  which  is  identical  with  the  previous  experimental  and 
theoretical  results  obtained  by  other  scientists  [12,17,18,19].  Figure  5  shows  the  experimental 
data  of  the  microwave  frequency  versus  the  helium  gas  pressure  Pne,  and  indicates  an  obvious 
influence  of  the  background  plasma  on  the  frequency. 

Figure  6  illustrates  the  experimental  result  of  the  total  microwave  power  P,otai  versus  the 
externally  applied  axial  guide  magnetic  field  B  for  the  vacuum  BWO.  The  experimental  data 
imply  that  the  externally  applied  guide  magnetic  field  considerably  affected  the  beam-waveguide 
interaction.  It  can  be  found  in  Fig.  6  that  the  microwave  power  was  low  when  the  guide 
magnetic  field  was  less  than  8  kG,  and  that  the  microwave  power  peaked  zXB  ~  12  kG  and  B  ~ 
16  kG.  We  can  also  see  from  Fig. 6  that  the  microwave  power  dropped  rapidly  when  magnetic 
field  B  was  around  14.5  kG  ,  which  means  the  cyclotron  absorption  of  the  electromagnetic 
wave  due  to  the  cyclotron  mode  existed  in  the  magnetized  REB  [9].  For  the  vacuum  BWO, 
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the  maximum  interaction  efficiency  of  electron  beam  energy  to  microwave  radiation  was 
estimated  to  be  about  6  %. 

The  introduction  of  a  plasma  into  the  BWO  increases  the  total  microwave  power  and  the 
efficiency  of  converting  the  beam  energy  into  electromagnetic  radiation  under  the  condition  that 
the  guide  magnetic  field  and  the  helium  gas  pressure  are  maintained  at  certain  values.  Figure  7 
gives  the  experimental  data  of  the  total  microwave  power  as  a  function  of  the  helium  gas 
pressure  for  guide  magnetic  field  5  ~  1 1  kG.  As  can  be  seen  from  Fig.7,  the  microwave  power 
increased  rapidly  when  the  helium  gas  pressure  was  around  25  mTorr.  In  this  case,  the 
maximum  microwave  power  was  determined  to  be  about  7  times  larger  than  that  of  the  vacuum 
case,  and  the  interaction  efficiency  was  estimated  to  be  about  29%.  Figure  8  shows  the 
experimental  data  of  the  total  microwave  power  versus  the  guide  magnetic  field  for  the  helium 
gas  pressure  Pne  ~  25  mTorr.  It  can  be  seen  from  Fig.8  that  the  microwave  power  was 
increased  considerably  at  certain  values  of  the  guide  magnetic  field,  which  resembles  the 
experimental  data  given  in  Refs. [11]  and  [12].  Possible  mechanism  of  the  enhancement  of  the 
microwave  power  and  the  interaction  efficiency  in  a  plasma-loaded  BWO  can  be  found  in 
Refs.[22-24].  It  may  be  mentioned  that  the  Trivelpiece-Gould  modes,  occurred  in  the  plasma- 
loaded  BWO,  were  not  investigated  in  the  present  experiment.  It  has  been  shown  that  these 
modes  are  usually  with  low  frequencies  and  low  power  levels  compared  with  the  X-band  TMoi 
modes  of  the  rippled-wall  waveguide  [12, 18  ]. 


FIG.  7  .  Tlie  peak  microwave  power  ?<>„,  versus  the 
helium  gas  pressure  Ph,  for  guide  magnetic  field  B~ 
11  JtG 


FIG.  8.  Tlie  peak  microwave  power  Pout  versus  the 
guide  magnetic  field  B  for  helium  gas  pressure  Ph,  ~ 
25  niTotr 


IV.  CONCLUSIONS 

In  conclusion,  we  have  observed  the  high-power  microwave  radiation  from  a  plasma- 
loaded  BWO  that  employed  a  helium  gas-loaded  foilless  diode.  The  entire  system,  including  the 
foilless  diode  and  the  rippled-wall  waveguide,  was  filled  with  the  low  pressure  helium  gas  to 
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generate  the  background  plasma  in  the  BWO  by  the  electron  beam-impact  ionization  of  the 
background  gas.  The  gas-loaded  foilless  diode  operated  stably  without  encountering  the  closure 
problem  when  the  helium  gas  pressure  was  below  100  mTorr,  which  is  of  interest  to  the 
repetitive  pulse  operation  of  the  plasma-loaded  BWO.  The  maximum  interaction  efficiency  was 
about  29%  for  the  plasma-loaded  BWO,  and  an  enhancement  in  the  total  microwave  power 
emission  over  the  vacuum  case  by  a  factor  of  up  to  7  was  found  in  the  experiment.  The 
microwave  frequency  of  the  vacuum  BWO  was  in  the  range  of  8.7  GHz  ~  9.5  GHz,  while  the 
microwave  frequency  of  the  plasma-loaded  BWO  was  upshifted  to  the  range  of  9.5  GHz  ~ 
13.4  GHz.  The  operating  mode  in  our  device  was  determined  to  be  TMoi  mode  . 
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RELATIVISTIC  BWO  WITH  ELECTRON  BEAM  PRE-MODULATION 

A.  V.  Gunin,  S.  D.  Korovin,  I.  K.  Kurkan,  I.  V.  Pegel,  V.  V.  Rostov,  and  E.  M.  Totmeninov 
Institute  of  High  Current  Electronics,  634055,  Tomsk,  Russia 

Abstract  -  The  paper  presents  the  results  from  theoretical  and  experimental  studies  of  a 
backward  wave  oscillator  with  resonant  reflector  incorporated  in  electromagnetic  system.  The 
reflector  serves  simultaneously  as  a  short  modulating  gap  and  this  provides  the  selection  of 
TMoi  operating  mode  among  parasitic  transversal  modes  in  extended  approximately  twice 
slow-wave  structure.  In  course  of  experiment  a  0.8  GW  microwave  power  in  X-band  was 
obtained  with  the  efficiency  of  25%.  The  electron  beam  pre-modulation  and  the  extension  of 
BWO  transversal  size  allowed  for  increasing  its  efficiency  in  a  low  magnetic  field.  A 
periodically-pulsed  regirhe  of  BWO  operation  with  20%  efficiency  utilizing  DC  magnet  with 
0.6  T  field  was  realized. 

INTRODUCTION 

The  design  of  the  relativistic  BWO  using  a  cut-off  neck  for  reflection  of  the  electromagnetic 
wave  propagating  backward  to  electron  motion  has  gained  acceptance  since  the  first 
experiments  [1,2],  Taking  the  lowest  axisymmetric  THn  wave  of  a  circular  waveguide  as  the 
operating  mode,  the  cut-oflF  neck  diameter  should  be  ~0.7A.  Application  of  this  element  results 
in  simplicity  of  the  electrodynamic  system  but  at  the  same  time  it  limits  the  opportunities  for 
increasing  the  generated  pulse  energy  and  reduction  of  magnetic  field. 

Obviously,  the  prospects  of  relativistic  BWO  as  well  as  of  other  microwave  devices 
based  on  high  current  electron  beams  are  associated  with  the  conversion  to  oversized 
electrodynamic  system  and  solution  of  the  parasitic  mode  discrimination  problem.  One  of  the 
approaches  in  this  context  is  using  high-order  modes,  for  instance,  TM02  or  TEmi  (m»l)  [3]. 
This  allows  for  employing  the  cyclotron  selection  by  means  of  choosing  the  beam  radius  and 
magnetic  field  or  the  condition  that  the  norm  of  the  operating  Wave  is  lower  than  that  of 
competitive  ones. 

The  selecting  element  of  suggested  BWO  design  with  TMoi  operating  wave  is  the 
resonant  reflector  similar  to  described  in  [4].  The  diameter  of  the  slow  wave  structure  (SWS) 
is  about  1.5 A.  An  efficient  wave  reflection  from  axisymmetric  waveguide  nonuniformity  is 
provided  by  the  presence  of  a  high-order  locked  mode  (in  our  case  TM()2)  having  the  same 
azimuthal  index  as  the  propagating  one.  The  mechanism  of  this  reflection  for  TEon  waves  was 
discussed  in  1956  [5].  The  wave  reflection  at  a  resonant  frequency  is  similar  to  the  reflection 
from  an  open  circuit.  This  fact  is  clearly  shown  in  the  standing  wave  diagram  in  Fig.  1 .  The  thin 
line  corresponds  to  the  standing  wave  extension  to  z^O.  Actually,  the  equivalent  circuit 
diagram  is  presented  as  a  band-pass  rejection  filter  (LC-resonant  circuit)  built  in  a  transmission 
line  gap. 

Efficient  electron  beam  modulation  occurs  in  the  reflector  region  at  a  resonant 
frequency  caused  by  the  z-component  of  resonant  electric  RF-field.  This  leads  to  the  decrease 
of  start  current  as  the  analogue  conditions  for  the  competitive  waves  are  either  not  provided  or 
not  matched  with  the  Cherenkov  interaction  band. 
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ELEMENTS  OF  THEORY  AND  CALCULATIONS 


Fig.  1 .  BWO  with  resonant  reflector  and 
z-distribution  of  a  standing  wave  of 
field  for  r=ri>  under  small  corrugation 
amplitude  approximation. 

Omitting  the  field  distortion  at  the  edges 
diffractive  quality  factor 


Consider  the  main  electrodynamic  properties  of  a 
resonator  formed  by  axisymmetric  nonuniformity 
having  a  rectangular  profile  with  the  radius  h  and 
width  /.  =2z()(Fig.  1).  The  waveguides  with  radius 
a  are  considered  matched  at  the  edges.  At  least 
one  oscillation  of  TM()2  locked  mode  exists  over 
the  range  of  wavelengths  V(,2/b<k<Vmla,  where 
k=-2%IX  and  Vo2"^5.52  is  the  second  root  of  zero- 
order  Bessel  function  Under  a  zero 

diffraction  losses  approximation,  the  resonant 
frequencies  are  derived  from  the  equation  cosi^.v^ 
where  s^-2l[k,2L(\-aVhy%  ^-L(k^-kj^f^ll, 

kn=^-V()2/h.  If  A'>1,  the  only  eigenmode  exists.  The 
resonant  frequency  shiftdown  takes  place  in  the 
presence  of  diffractive  and  ohmic  losses.  The 
ohmic  losses  are  typically,  low  and  the 
corresponding  factor  (where  <^is  the  skin 

depth)  therewith  can  be  evaluated  by  10^-^]  O'*. 
z==^±zo  derive  the  following  expression  for  the 


A-./' 

i  •  ■  Zf) 

where /(z)  is  a  function  describing  the  longitudinal  field  distribution  in  the  resonator,  /(0)=1, 
\f(±zO\<<\,  kn  is  the  longitudinal  wave  number  of  TMoi  mode,  and  Voi  =2.405.  Operation 
near  the  limits  a/h—^\,  L-^  and  Lcf  ^In/kn  {L,f  is  typical  field  distribution  width,  Lcf  ~  L) 
where  the  0-factor  is  indefinitely  increasing  is  not  recommended.  Of  practical  interest  is  the 
case  Qd‘^'<Qohm  when  the  wave  reflection  factor  at  a  resonant  frequency  close  to  unit: 
R^l-Q/Qohm^  The  scattering  matrix  method  was  used  to  calculate  the  reflection  factor  as  a 
function  of  frequency  and  the  RF-field  structure  [4].  The  reflector  having  Oj^l  was  taken  for 
the  experiment.  The  reflection  coefficient  was  |7?p>0.9  in  the  bandwidth  of -600  MHz  with  the 
center  at  10.0  GHz. 

In  the  presence  of  electron  beam  the  frequency  shift  is  much  less  than  the  reflection 
band.  The  maximum  efficiency  of  electron  beam  modulation  is  reached  at  ArLe/y?// -  where 
fiii-Vti/c,  V//  -  the  electron  velocity,  c  is  the  speed  of  light.  If  is  the  factor  characterizing  this 
mechanism  of  resonator  energy  losses  then,  at  1/2, 

O  J  47, _ 

■/I'kra)  . 

where  h  is  the  beam  current,  4] «  17  kA,  and  y^)  is  the  relativistic  particle  mass-factor.  For  the 
experimental  conditions,  Qr’’~2.00. 


]\.f\"dz 


-850- 


aig(a)  ag(a) 


Fig.  2.  Start  length  (Zk)  and  synchronism  mismatch  as  functions  of  modulation 
phase  in  linear  BWO  approximation 


Only  the  velocity  modulation  of  particles  was  considered  in  the  BWO  boundary  problem 
analysis.  The  electron  beam  pre-modulation  at  the  input  of  corrugated  slow-wave  structure  can 
be  fully  described  by  the  complex  parameter 


z)exp(ik  )dz 

-^1  _ 

2/0^  Jr J 


where  /  = 


TTl^kJ 


In  this  case  Ezir^,  z)  is  the  modulating  field,  E.\{rh)  is  the  field  of  the  (-l)-st  SWS  spatial 
harmonic,  and  P  is  the  power  of  the  TMoi  wave.  Playing  an  important  part,  the  modulation 


phase  arg((x)  sets  the  initial  phase  of  the  RP-current.  In  accordance  with  the  a  definition  the 
modulation  phase  is  the  phase  difference  between  the  fields  E^{rh,  0)  and  E.\.  Therefore,  under 
real  experimental  conditions,  there  can  be  variations  in  its  value  through  a  choice  of  the  initial 
phase  of  corrugated  SWS  sinusoidal  profile  or  the  Ldr  value  (see  Fig.  1).  In  the  case  of 
arg{a)  =  0  the  phase  distribution  of  RF-current  relative  to  decelerating  field  phases  along  z  is 
slightly  different  from  the  distribution  in  the  conventional  BWO  (|a|=0)  up  to  |al  =  1  both  in  a 
linear  interaction  and  nonlinear  one.  So,  the  values  of  energy  exchange  efficiencies  appear  to  be 


closely  allied.  At  the  same  time  the  optimum  SWS  length  tends  to  decrease  as  \a\  increases 
with  the  phase  conserved.  The  cases  when  /«!  therewith  provide  the  generation  efficiency  to 
be  even  in  increase.  The  relation  between  normalized  SWS  start  length  X^=^kLj'^ I2y{^  and  the 
synchronism  mismatch  for  the  linear  stage  A=[2yJ{kd-k\\)l(k-\)-\\r^'^  (where  kd  =2Tt/d  and 
fifis  SWS  period)  are  presented  in  Fig.  2  as  a  functions  of  arg{a).  The  behavior  of  the 
synchronism  mismatch  variation  when  shifting  arg(a)  from  the  efficiency  optimum  (also  near 
zero)  remains  the  same  for  non-linear  interaction.  This  effect  can  be  useful  for  oscillator 
operational  mode  adjustment,  and  in  fact  it  is  the  most  important  feature  of  the  BWO  with 


electron  beam  pre-modulation. 

Detailed  optimization  of  the  entire  BWO  system  was  made  in  numerical  experiments 
employing  the  axisymmetric  2.5D  version  of  the  fully  electromagnetic  PIC-code  KARAT  [6]. 
These  simulations  delivered  the  main  dependencies  of  microwave  power  and  frequency  and 
pulse  rise  time  on  the  parameters  of  BWO  electrodynamic  system  and  electron  beam.  Most  of 
these  dependencies  were  then  clearly  observed  in  experiment. 
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Fig,  3.  Dependence  of  generated  power  as  a  function  of  resonator  location  (a)  and 

guiding  magnetic  field  (b) 


EXPERIMENTAL  RESULTS 

All  experiments  were  carried  out  in  two  stages  using  electron  accelerators  of  SINUS  type.  In 
course  of  the  first  stage  the  magnetic  system  with  the  field  strength  of  up  to  2,7  T  and  pulse 
repetition  rate  of  up  to  0,1  p.p.s.  was  used.  Fig.  3a  shows  the  dependence  on  generated  power 
as  a  function  of  Ljr-  This  dependence  and  the  observed  shift  of  measured  frequency  over  the 
entire  range  of  L^r  variation  closely  agree  with  the  theoretical  data.  The  microwave  power  at  a 
maximum  accelerator  parameters  (beam  current  4  =5.5  kA,  and  accelerating  voltage  4=600 
kV)  was  0.8  GW  that  corresponds  to  25%  BWO  efficiency.  The  experiments  showed  that  an 
efficient  generation  can  be  obtained  in  a  relatively  low  magnetic  field  of  ~0.7T  (Fig.  3b).  From 
the  practical  point  of  view  this  result  is  important  for  BWO  applications.  This  is  why  similar 
experiment  was  carried  out  at  h  =4.5kA,  4=530kV  in  a  repetitively-pulsed  mode  with  the 
repetition  rate  of  up  to  100  p.p.s.  A  DC-magnet  system  having  a  25  kW  power  consumption 
was  providing  static  magnetic  field.  The  microwave  power  of  0.5  GW  with  10  GHz  frequency 
and  10  ns  pulse  width  was  obtained.  The  typical  time  delay  for  microwave  emission  was  8  ns. 
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Abstract 

The  production  of  quasi-monochromatic  light  by  relativistic  electrons  impinging  on  the  sur¬ 
face  of  an  optical  grating  is  investigated  at  electron  energies  between  3  and  120  MeV.  In  anal¬ 
ogy  to  Smith-Purcell  (SP)  radiation  generated  by  electrons  travelling  close  and  parallel  to  the 
grating  surface  the  wavelength  depends  on  the  angle  of  observation.  In  addition,  in  grating 
transition  radiation  (GTR)  the  wavelength  depends  also  on  the  angle  of  incidence  of  the  elec¬ 
tron.  At  a  fixed  wavelength  the  angular  distribution  is  concentrated  in  hollow  cones  centered 
around  the  main  directions  of  emission  of  the  different  orders  of  diffraction.  These  hollow 
cones  are  similar  to  the  well-known  distribution  of  transition  radiation  from  flat  surfaces  (TR). 

The  experiments  have  been  carried  out  at  the  Gent  linear  accelerator  in  the  energy  range 
3-15  MeV  and  at  the  Geel  linear  accelerator  at  20-120  MeV.  Several  gratings  were  used,  ruled 
in  SiC  with  1800  lines/mm  and  2000 1/mm  and  with  different  profiles.  The  angular  distribution 
and  polarization  of  GTR  have  been  measured  in  zeroth  and  first  diffracted  order  for  several 
wavelengths  between  400  and  700  nm.  The  intensity  observed  in  zero  order  near  specular 
reflection  is  compared  to  TR  observed  from  a  flat  mirror  of  the  same  surface  material. 

We  calculated  the  GTR  intensity  expanding  the  Coulomb  field  of  the  electron  into  plane 
waves.  These  waves  are  diffracted  by  the  grating  leading  to  a  “grating  problem”  as  in  the  case 
of  SP  radiation.  The  formalism  converges  towards  TR  in  the  limit  of  vanishing  groove  depths. 

Theoretical  model 

A  virtual  photon  field  is  associated  with  the  electric  field  of  a  relativistically  moving  elec¬ 
tron  charge.  When  the  electron  trajectory  is  parallel  to  a  grating,  the  polarization  components  of 
this  virtual  photon  field  can  be  represented  by  Fourier  integrals  and  the  calculation  of  SP  [1-4]  is 
reduced  to  the  solution  of  the  so-called  “grating  problem”  in  optics  [5].  For  electron  beams  at 
finite  incidence  angles  the  application  of  this  approach  is  not  straightforward  because  a  singular¬ 
ity  appears  where  the  electron  hits  the  surface.  For  the  calculation  of  optical  transition  radiation 
(OTR)  from  plane  surfaces,  however,  the  far-field  approximation  can  be  used  and  the  reflectiv¬ 
ity  of  the  surface  is  obtained  from  the  well-known  Fresnel  coefficients  [6-7].  In  the  following 
we  propose  a  general  approach  which  contains  both  phenomena  as  limiting  cases. 

For  simplicity,  we  restrict  ourselves  to  electron  trajectories  perpendicular  to  the  rulings  of 
the  grating.  Fig.  1  shows  the  main  geometrical  quantities.  The  notation  is  similar  to  the  one  used 
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previously  [3,4]  in  calculations  of  SP,  to  which 
we  refer  for  further  details.  The  incident  electro¬ 
magnetic  field  is  written  as  a  Fourier  expansion  in 
the  (x',y',z',t)  reference  frame  in  which  x’  is  the 
direction  of  the  electron  velocity  and  y’  the  direc¬ 
tion  of  the  grating  rulings.  As  in  the  case  of  SP 
radiation,  the  x'  and  z'  components  of  the  Fourier 
transforms  (FT)  E‘  and  H‘  can  be  expressed  as 
functions  of  the  y’  components  Ey  and  Hy. 

Contrary  to  SP,  however,  it  is  not  sufficient  to 
consider  only  a  FT  in  y'  and  t  but  in  addition  also 
in  z'.  After  rotation  by  an  angle  9  into  the  (x,y,z,t) 
laboratory  reference  frame  one  obtains  a  decomposition  of  the  incident  field  into  plane  waves  of 
the  form  £'^(cp,(3,<j,co)exp(iA‘),  in  which  P,a,ca  are  the  Fourier  components  belonging  to  the 

y',z',t  transformation,  respectively,  A‘  =  a^x'+Py’+az'  =  (  apCostp-i-a  sintp  )x  +  py  + 
( -agSintp-Ha  costp  )z,  and  aQ=  kc/v.  Correspondingly,  the  reflected  field  is  expanded  into  a 
Rayleigh  series  I£’^„((p,p,a,0))exp(iB|,),  with  B;;=anX+py+YnZ,  an=  a^costp  +  asintp  + 

27cn/D,  7n=(k^-P^-0Cn^)*^^,  D  is  the  grating  period,  and  n=0,±l,±2,...  Propagative  waves  are 
those  for  which  lm(y|^)=0.  Such  a  propagative  diffracted  wave  is  emitted  in  order  n  and  wave¬ 
length  A.  at  angles  (T|,Q  defined  by  an=ksinTi,  P=kcosrisin^,  Yn=k  cosTjcos^  and  consists  of  a 
superposition  of  waves  of  different  Fourier  components  o.  In  the  far  field  (i.e.,  at  distances  R 
with  kR»l)  we  may  use  the  method  of  stationary  phases  (or  Fraunhofer  approximation)  and 
evaluate  the  integral  only  at  a  so-called  “critical  point”  [8].  At  given  observation  angles  (t],^)  we 
obtain  the  following  “diffraction  law”: 

nA.  c  .  a  . 

- =  — cos(p  -  sinri  -1-  — sintp  (1) 

D  V  k 

In  the  limit  9— >0  Eq.  1  becomes  the  well-known  diffraction  law  for  SP  radiation.  Since  v<c 
only  negative  orders  of  diffraction  n<0  can  be  observed  in  SP.  At  finite  angles  of  incidence  9>0 
and  for  trajectories  perpendicular  to  the  rulings  the 
GTR  intensity  for  a  certain  wavelength  A,  and 
diffraction  order  n  is  concentrated  around  observa¬ 
tion  angles  ^=0  and  T|  obtained  from  Eq.l  for 
a=0.  Contrary  to  SP  also  positive  orders  of  dif¬ 
fraction  may  be  observable.  In  zero  order  the 
angular  distribution  is  the  same  for  all  wavelengths 
and  shows  the  well-known  hollow  cone  from  OTR 
centered  at  ^=0,  sinri=(c/v)cos9.  Fig.2  shows  the 
GTR  distribution  calculated  for  5  MeV  electrons  at 
an  incidence  angle  9=45°.  The  0-order  contribution 
near  specular  reflection  is  the  same  as  for  OTR 
from  a  perfect  conducting  mirror.  A  similar  angu¬ 
lar  distribution  is  obtained  for  the  first  diffraction 
order  n=-l  (minimum  at  T|=-ll°)  but  with  re- 


r\n 


Figure  2.  GTR  intensity  as  a  function  of 
observation  angle  q  at  a  fixed  incidence  angle 
(p=45°  calculated  for  5  MeV  electrons  and  0=500 
nm,  X=450  nm.  0-order  cutoff  (see  text). 


Figure  1.  Geometry  used  in  the  description  of 
GTR.  x':  direction  of  the  electron;  y=y':  direction 
of  the  rulings;  z:  surface  normal. 
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duced  intensity  when  the  0-order  of  diffraction  for  the  same  value  of  a  is  also  propagative  (c.f. 
the  sharp  “cutoff’  at  ti=:5.7°).  The  bandwith  AX,  depends  on  two  factors;  the  aperture  At|  (as  for 
SP)  and  A(CT/k)sin(p«Y''sin(p.  At  observation  angles  ri<rij,  with  sin'n^=l+nX/D  the  0-order  for 
the  same  value  of  G  is  forbidden  by  the  diffraction  law  and  GTR  becomes  a  useful  light  source 
of  rather  small  bandwith. 

Experiments 

The  experiments  have  been  carried  out  at  optical  wavelengths  using  gratings  ruled  in  a 
1(X)  pm  SiC  layer  deposited  on  a  50x50x10  mm  graphite  block  and  aluminized  on  the  surface. 
Different  grating  profiles  were  used:  two  lamellar  gratings  with  either  1800  or  2000  lines/mm 
and  a  groove  depth  h/D=0. 1,  and  two  blazed  gratings  with  2000  lines/nun  and  blazing  angles  of 
7.3°  and  12.4°,  respectively.  The  surface  of  50x50  mm^  was  divided  into  two  parts  etched  with 

different  profiles  (case  of  the  two  blazed  gratings)  or 
only  one  half  etched  (case  of  the  lamellar  profiles) 
leaving  the  second  half  as  a  flat  surface  for  con¬ 
ventional  OTR  measurements.  The  radiation  emitted 
from  the  gratings  was  observed  in  constant-deviation 
geometry  at  two  fixed  observation  angles  of  0=90° 
and  120°  to  the  electron  beam,  respectively.  The  ra¬ 
diators  were  mounted  on  a  target  holder  and  could  be 
rotated  around  an  axis  perpendicular  to  the  observation 
plane.  Fig.3  describes  the  experimental  setup.  For  the 
measurements  we  used  an  intensified  camera,  a  linear 
polarization  filter,  and  a  set  of  interference  filters  with 
bandwidths  of  ±5  nm.  Fig.4  shows  the  maximum  of 
the  intensity  distribution  at  the  grating  surface  as  a 
function  of  the  incidence  angle  (p,  obtained  using 
5  MeV  electrons  and  a  X=450  nm  interference  filter, 
and  observed  at  the  two  fixed  observation  angles  6  given  above.  The  data  have  been  corrected 
for  the  known  transmission  of  the  filters  and  the  objective  as  well  as  for  the  wavelength- 
dependent  sensitivity  of  the  camera.  The  solid  lines  are  guides  to  the  eye.  The  radiation  emitted 
at  small  angles  of  incidence  (p  is  largely  monochromatic  (n=-l)  whereas  the  broad-band  inten¬ 
sity  (n=0)  dominates  near  specular  reflection. 
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Figure  4.  GTR  from  5  MeV  electrons  observed  at  a  wavelength  of  450  nm  and  at  fixed  angles  to  the  electron 
beam  of  6=90°  (left)  and  0=120°  (right) 
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Figure  3.  Experimental  setup.  The  GTR 
intensity  is  observed  at  a  fixed  observation 
angle  q  to  the  electron  beam  rotating  the 
grating  around  an  axis  perpendicular  to  the 
incidence  plane 
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No  difference  was  observed  between  this  0-order  GTR  distribution  and  OTR  from  mirrors  of 
the  same  surface  material.  Because  of  the  diffraction  law  (1)  no  simple  X,(ti)  dependence  as  for 
SP  can  be  established  for  GTR.  There  are,  however,  some  characteristic  angles  at  each  wave¬ 
length,  viz  the  minimum  and  the  two  maxima  in  the  n=- 1  distribution  when  the  0-order  is  eva¬ 
nescent,  and  the  “cutoff’  in  the  n=-l  intensity  when  the  0-order  becomes  propagative.  Fig. 5 
depicts  the  observed  cutoff  angles  for  different  wavelengths,  observation  angles  and  grating 
profiles  in  comparison  to  the  values  calculated  from  Eq.  1. 

The  polarization  of  the  radiation  was  measured  for  an  observation  angle  ^=0  (i.e.,  observ¬ 
ing  in  the  incidence  plane)  and  also  for  ^=3.8°.  GTR  emitted  in  F'  diffraction  order  n=-l  at 
small  angles  of  incidence  (p  was  always  purely  H-polarized  (i.e.  the  H  vector  parallel  to  the 


rulings)  as  for  SP  at  (p=0.  The  0-order  contribution  near  specular  reflection,  however,  showed  a 

polarization  identical  to  that  of  OTR  from  the  flat 
mirror. 

The  experiments  have  been  repeated  for  several 
electron  energies  E=3-15  MeV  at  the  Gent  accel¬ 
erator  and  E  =  20-110  MeV  at  Geel.  At  the  low 
energies  used  in  the  Gent  experiments  the  aperture 
of  the  optical  system  was  always  smaller  than  the 
typical  opening  angle  l/y  of  the  OTR  and  GTR 
distributions.  The  beam  shape  was  defined  by  a  set 
of  collimators  upstream  of  the  electron  beamline.  In 
the  Geel  experiments  the  angular  acceptance  of  the 
optical  bench  was  larger  than  l/y,  thus  integrating 
over  large  portions  of  the  “lobes”.  No  collimators  in 
the  electron  beamline  could  be  used  and  therefore 
the  beam  size  varied  with  energy  and  was  deter¬ 
mined  for  each  experiment  using  OTR  from  the  flat 
mirrors.  The  0-order  GTR  intensity  increases  with 
electron  energy  in  the  same  way  as  OTR  from  flat  surfaces.  For  a  comparison  of  the  n=-l 
intensities  with  theory  the  reflection  coefficients  for  the  different  grating  profiles  have  to  be 
calculated.  We  are  planning  to  adapt  our  SP  codes  [3,4]  to  the  GTR  geometry.  The  observed 
intensities  indicate  that  the  n=-l  contribution  does  not  change  very  much  with  electron  energy. 


Figure  5.  Comparison  of  the  0-order  cutoff- 
angles  (p^.  observed  at  5  MeV  to  the  values 
calculated  from  Eq.  1 
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ABSTRACT 

A  new  microwave  system  for  a  gyro-TWT  in  the  form  of  a  circular  waveguide  with  a 
helically  grooved  inner  surface  is  proposed  and  studied.  The  corrugation  radically  changes  the 
wave  dispersion  in  the  region  of  small  axial  wavenumbers;  at  “nearly  infinite”  phase  velocity 
the  group  velocity  of  the  wave  is  finite  and  constant  in  a  broad  frequency  band.  According  to 
the  theory,  this  allows  significant  reduction  in  the  sensitivity  of  the  amplifier  to  the  axial 
velocity  spread  and  an  increase  in  its  efficiency  and  frequency  bandwidth.  The  helical  gyro- 
TWT  is  realized  for  the  first  time  experimentally.  In  the  regime  of  single-frequency 
amplification,  the  gyro-TWT  operating  at  the  second  cyclotron  harmonic  with  a  200  keV/25  A 
electron  beam  having  a  large  axial  velocity  spread  of  30%  and  moving  in  a  relatively  weak 
magnetic  field  of  2.2  kG  yields  in  X-band  the  high  output  power  of  1  MW,  gain  of  23  dB  and 
efficiency  of  20%. 


INTRODUCTION 

Gyro-TWT  [1]  is  a  known  amplifier  variety  of  a  broad  class  of  gyrodevices  which 
operation  is  based  on  the  stimulated  cyclotron  radiation  of  electrons  moving  along  the  helical 
trajectories  in  a  homogeneous  magnetostatic  field  Hq  -  H^Zq.  In  the  interaction  region  of  a 
gyrodevice  the  cyclotron  resonance  between  an  operating  electromagnetic  wave  and  electrons 
occurs; 

eo-/iV||  w.vcoh. 

Here  to  and  h  are  the  frequency  and  the  axial  wavenumber  of  the  wave,  vn  and  (0^  =  eH^jmc^i 
are  the  axial  velocity  and  the  cyclotron  frequency  of  the  electrons,  s  is  the  cyclotron  harmonic 
number.  According  to  Eq.(l)  a  gyro-TWT  has  an  important  peculiarity,  namely,  the  possibility 
of  the  resonant  amplification  of  fast  electromagnetic  waves. 

As  a  rule,  a  smooth  cylindrical  metal  waveguide  is  used  as  a  microwave  system  of  a 
gyro-TWT.  In  order  to  increase  the  frequency  bandwidth,  one  usually  uses  an  operation  regime 
of  grazing  incidence  of  the  wave  and  beam  dispersion  characteristics  when  the  axial  electron 
velocity  is  close  to  the  group  velocity  of  the  wave  (Fig.  la).  Correspondingly,  gyro-TWTs  with 
weakly  relativistic  electron  beams  operate  at  frequencies  near  cutoff  which  limits  their 
frequency  band  and  reduces  their  stability  to  gyrotron  oscillation  (see  e.g.[2]).  At  the  same 
time,  gyro-TWTs  driven  by  electron  beams  with  relativistic  particle  axial  velocity  may  have  a 
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much  broader  frequency  band,  but  due  to  operation  with  relatively  high  Doppler  upshift 
(CARM-TWT  regime),  they  are  very  sensitive  to  particle  velocity  spread  (see  e  g.  [3]). 

Thus,  the  spread  in  axial  velocity  and  the  unfavorable  dispersion  of  a  cylindrical 
waveguide  significantly  limit  possibilities  of  the  gyro-TWT.  The  most  favorable  wave 
dispersion  for  a  gyro-TWT  is  that  when  the  wave  group  velocity  is  constant  and  equal  to  the 
electron  axial  velocity  in  the  region  of  close-to-zero  axial  wavenumber  (Fig. lb).  As  shown  in 
[4],  a  similar  dispersion  can  be  realized  in  an  oversized  circular  waveguide  with  a  special 
helical  corrugation  of  its  inner  surface. 


SOME  THEORETICAL  RESULTS  FOR  GYRO-TWT  WITH  A  HELICALLY 
GROOVED  CIRCULAR  CYLINDRICAL  WAVEGUIDE 

The  desired  change  of  the  dispersion  has  been  achieved  when  the  corrugation 
r((p,z)  =  Ao  +  /  cos(w  (p -f- couples  the  two  partial  rotating  waves  of  an  oversized  smooth 

waveguide  with  a  radius  of  rn;  a  near-cutoff  mode  (A)  with  a  small  axial  wavenumber,  h^«k, 
where  A:=a)  /c,  and  a  traveling  wave  {E)  with  a  large  axial  wavenumber,  ~k,  providing  their 
mutual  resonant  scattering.  For  this,  axial  wavenumbers  and  azimuthal  indexes  of  the  waves 
and  the  corrugation  should  satisfy  the  Bragg  conditions 

.  (1) 
Here  m  and  h-luld  are  azimuthal  and  axial  numbers  of  the  corrugation,  d  is  the 
corrugation  period.  The  resonant  coupling  of  the  waves  corresponds  to  the  intersection  of  their 
dispersion  curves  or,  more  exactly  for  the  considering  situation,  the  intersection  occurs 
between  the  mode  A  and  the  first  spatial  harmonic  of  the  wave  B  (Fig. 2).  If  the  corrugation 
amplitude  /  is  small  compared  with  the  wavelength,  the  field  structure  and  dispersion 
characteristics  of  a  helical  waveguide  can  be  calculated  by  means  of  the  method  of  perturbation 
[5].  Then  we  find  eigenwaves  W,  and  W\  (Fig. 2),  which  arise  as  a  result  of  coupling  the  partial 
waves  A  and  B.  When  parameters  of  the  corrugation  are  properly  chosen,  the  wave  W\  has  the 
desirable  dispersion.  The  frequency  gap  between  W\  and  “spurious”  waves  W±  in  the  region  of 
“zero”  axial  wavenumbers  is  of  the  order  of  the  coupling  coefficient  of  the  waves,  ct,  which  is 
proportional  to  the  relative  amplitude  of  corrugation  Ijr^  and  depends  also  on  the  azimuthal 

and  radial  indexes  of  the  partial  waves.  For  a  relatively  small  corrugation  depth,  when  0  <0  1, 
the  method  of  perturbation  provides  a  good  agreement  with  “cold”  experiments. 

A  stationary  theory  of  a  gyro-TWT  with  the  helical  waveguide  reflecting  its  main  principal 
properties  [6]  represents  usual  self-consistent  gyrotron  equations  [7]  combined  with  the 
coupled  mode  equations  describing  mutual  scattering  of  partial  modes  A  and  B  on  the 
corrugation.  For  conditions  of  the  cyclotron  resonance  (1)  one  can  neglect  the  influence  of 
mode  B  the  electron  motion.  The  axial  structure  of  mode  A  obeys  a  second-order  wave 
equation  with  a  right-hand  site  including  a  high-frequency  current  term  as  well  as  a  term 
responsible  for  scattering  of  mode  B  into  mode  A .  A  first-order  equation  for  mode  B  describes 
its  “cold”  coupling  with  partial  mode  A.  The  numerical  analysis  confirms  attractive  features 
arising  with  the  use  of  the  helical  waveguides  for  gyro-TWTs  and  demonstrates  important 
advantages  of  the  “helical”  gyro-TWTs  over  the  “smooth”  ones  in  sensitivity  to  electron 
velocity  spread,  frequency  bandwidth  and  stability  to  parasitic  self-excitation  [6]  (Fig. 3). 
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EXPERIMENT 


At  present  we  are  carrying  out  three  different  experiments  on  the  spiral  gyro-TWTs  with 
a  weakly  (80  keV)  and  moderately  (200  keV  and  300  keV)  relativistic  electron  beams.  Here 
we  are  reporting  the  first  results  on  a  200  keV  X-band  amplifier.  All  the  experiment  have 
important  common  peculiarities.  In  order  to  significantly  enhance  mode  selection,  a  thin  beam 
of  electrons  gyrating  around  the  axis  of  the  system  is  used  to  drive  the  gyro-TWT.  Such  a 
beam  can  excite  only  corotating  modes  of  a  circular  waveguide  with  the  azimuthal  index  m 
equal  to  the  cyclotron  harmonic  number  .v.  In  particular,  we  use  the  second-harmonic  operation 
and  the  TE2,i  mode  as  a  near-cutoff  partial  mode  >1,  The  rotating  TE2,i  mode  couples  with  the 
counter-rotating  and  forward-propagating  TEij  mode  (partial  mode  B  in  Fig.l)  on  the 
corresponding  3-fold  helical  corrugation.  For  frequencies  below  cutoff  of  TE2,i  mode  the 
operating  eigenwave  W\  totally  transforms  at  end  sections  with  increasing/decreasing 
amplitude  of  the  corrugation  into  TEi,i  mode  of  the  smooth  waveguide  which  simplifies 
input/output  of  RF  power. 

A  200  keV/25  A  rectilinear  electron  beam  with  the  diameter  of  8  mm  and  flat-top  duration 
of  50-100  ns  was  produced  from  a  “cold”  velvet  cathode  (Fig.4).  A  transverse  velocity 
p,  =0.^0. 6  was  imparted  to  the  electrons  in  a  dc  single-period  bifilar  spiral  kicker.  The  electron 
velocities  and  their  spreads  were  estimated  experimentally  investigating  the  tracks  of  the  beam 
on  a  scintillator  placed  at  different  distances  from  the  kicker.  For  the  operating  transverse 
velocity  Pj.-0.5-0.6  a  large  spread  in  axial  velocity  exceeding  30%  was  measured. 

Two  magnetrons  operating  at  fixed  frequencies  of  9.1  GHz  and  9.4  GHz  were  used  as 
sources  of  RF  input  signal  for  the  amplifier.  After  a  waveguide  transmission  line  and  a  wave 
launcher  maximum  input  power  in  the  operating  circular  polarized  wave  amounted  to  5-6  kW 
The  electron-wave  interaction  length  was  varied  by  changing  position  of  a  dc  deflecting 
magnet  (Fig.4)  at  fixed  length  (40  cm)  of  the  helical  waveguide.  At  present  stage  of  the 
experiment  the  regime  of  saturated  amplification  was  not  achieved  because  the  parasitic  self¬ 
oscillation  limited  the  electron  transverse  velocity  (up  to  pi«0.5)  and  the  interaction  length.  It 
had  been  proven  that  the  amplifier  oscillated  at  the  operating  mode  at  frequencies  close  to  the 
operating  ones  because  of  not  perfect  matching  of  the  microwave  system. 

In  the  regime  of  stable  amplification  for  both  operating  frequencies  of  the  magnetrons, 
9.1  and  9.4  GHz,  and  fixed  other  parameters  of  the  system  the  same  output  power  of  1  MW 
and  corresponding  efficiency  of  20%  were  measured.  The  maximum  gain  amounted  to  23  dB. 
At  the  next  stage  of  the  experiment  we  intend  to  improve  the  matching  of  the  microwave 
system  and  achieve  saturated  amplification  with  higher  gain,  power  and  efficiency. 

This  work  was  supported  by  the  UK  DERA,  Russian  Foundation  for  Basic  Research, 
Grant  98-02-17208  and  Gycom  Ltd.,  Nizhny  Novgorod,  Russia. 
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Fig.  1,  Usual  (a)  and  desirable  (b)  dispersion  of  the 
waves  for  a  gyro-TWT. 


Fig. 2.  Dispersion  diagram  for  a  helieal  waveguide:  A. 
B  are  the  partial  near-cutoff  and  traveling  waves  of  a 
smooth  waveguide,  respectively,  which  are  coupled 
due  to  helical  corrugation  of  the  inner  surface,  W-\  and 
Ifi  arc  the  operating  and  “spurious”  eigenwaves  of  the 
helical  gyro-TWT.  e  is  an  unperturbed  electron 
cyclotron  wave. 


a)  b) 

Fig.3.  Results  of  simulations  demonstrating  advantages  of  a  gyro-TWT  with  helical  waveguide  (a)  over  that 
with  smooth  waveguide  (b)  in  sensitivity  to  electron  velocity  spread.  Siinulations  made  for  a  design  of  a  second 
harmonic  gyro-TWT  driven  by  a  .300  kcV/80  A  electron  beam  with  velocity  ratio  Vi/V||=1.2. 


Fig.4.  Schematic  diagram  of  the  gyro-TWT  with  a  helical  waveguide:  1  -  velvet  cold  cathode;  2  -  anode; 
3 -wave  launcher  (converter  of  TEqi  mode  of  a  rectangular  waveguide  into  TE,  ,  mode  of  a  circular 
waveguide);  4  -  coils  generating  dc  guiding  magnetic  field;  5  -  kicker;  6  -  operating  helical  waveguide; 
7  -  deflecting  magnet. 
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INTRODUCTION 


EXPERIMENT 


Pulse  shortening  and  the  lower 
efficiency  of  relativistic  magnetrons  (RM) 
as  compared  to  conventional  magnetrons  is 
a  complex  issue  because  of  the  range  of 
physical  mechanisms  involved.  In  a  given 
system,  a  particular  set  of  mechanisms 
may  be  dominant.  However,  the  expansion 
of  plasma  from  explosive  emission 
cathodes  into  an  interaction  space  is  the 
major  factor  that  affects  operation  of  every 
high  power  relativistic  magnetron. 

The  straightforward  way  to  reduce 
the  plasma  expansion  rate  is  to  increase  the 
cathode  plasma  ion  mass  and  this  may  be 
achieved  by  eliminating  water  vapour  and 
organic  deposits  from  the  cathode  surface 
[1,2].  This  implies  the  necessity  to  handle 
the  overall  vacuum  system  in  a  way  similar 
to  that  employed  in  sealed-tube 
manufacturing  procedures.  The  latter  is 
also  an  issue  if  special  cathode  materials, 
like  Csl  [2],  are  considered  as  high-current 
electron  suppliers.  These  approaches  lead 
inevitably  to  increased  costs  of  the  RMs 
and,  most  importantly,  to  a  reduced 
flexibility  in  the  overall  system. 

We  believe  that  a  viable  alternative 
is  to  develop  “smart”  cathodes  that  are 
capable  of  controlling  the  plasma 
behaviour  and,  as  a  consequence,  the 
operational  characteristics  of  relativistic 
magnetrons. 


This  work  was  supported  by  DERA, 
Malvern,  UK 
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In  this  paper,  we  present  experimental 
results  obtained  with  several  different 
cathodes  tested  in  a  high  power  RM 
system  developed  by  Physics  International 
[3].  This  tuneable  magnetron  is  of  a  rising- 
sun  type  and  operates  at  frequencies  in  the 

Upstream  emissive  downstream 


Fig.  1  Relativistic  magnetron  cathodes, 
a-  “smooth”  (velvet,  carbon  fabric  and 
pCTforated  stainless  steel)  cathodes; 
b-  disk  cathode;  c-  pin  cathode.  All  versions 
were  tested  with  and  without  end  caps. 

l.l-1.3GHz  range  for  a  diode  voltage 
U<500kV  and  a  total  microwave  power  of 
P<1GW  being  extracted  from  the  two 
separate  arms. 

The  tested  cathodes  were  (i)  velvet 
cathode  with  an  outer  perforated  stainless 
steel  cylinder  (2mm  hole  diameter,  47% 
open  area)  covering  the  velvet  surface,  see 
Fig.  la,  (ii)  carbon  fabric  cathode  of  the 
same  geometry  (Fig. la),  (iii)  carbon  fibre 
disk  cathode  (Fig. lb),  and  (iv)  stainless 
steel  multipin  cathode  (Fig.lc)  of  a  design 
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similar  to  that  reported  in  [4],  The  first  two 
cathodes  are  of  “smooth”  geometry  and, 
taking  into  account  good  explosive 
emission  characteristics  of  velvet  and 
carbon  fibres,  thus  ensure  a  uniform 
electron  emission  over  all  of  the  cathode 
surface.  The  disk  cathode  is  somewhat 
intermediate  between  smooth  and  pin 
cathodes  from  a  geometrical  point  of  view. 
The  emissive  surface  length  Lk=110mm 
and  diameter  Dic=74mm  were  kept 
identical  for  all  of  the  cathodes  tested  for 
comparison  purposes  despite  the  fact  that 
the  above  value  of  being  optimal  for 
one  cathode  was  not  necessarily  optimal 
for  the  others.  The  provision  was  made  to 
test  all  the  cathodes  with  (Fig.la,b)  or 
without  (Fig.lc)  upstream  and  downstream 
end  caps.  The  experiments  were  conducted 
at  a  moderate  residual  gas  pressure  of 
~l()‘*’Torr  and  no  special  cathode 
conditioning  was  undertaken. 

EXPERIMENTAL  RESULTS 

The  cathodes  with  fitted  end  cap 
electrodes  allow  the  relativistic  magnetron 
to  generate  significantly  more  power  in 
comparison  to  the  use  of  cathodes  without 
end  caps.  This  is  applicable  to  both  smooth 
(Fig.2a)  and  pin  cathodes  (Fig.2b).  The 
dependencies  of  the  total  microwave 
power  on  magnetic  field  B  (Fig.2)  are 
essentially  the  same  at  low  B  close  to  the 
Hull  cut-off  value,  Bh-  But  at  larger  B 
values,  the  difference  between  the  curves 
becomes  appreciable.  The  maximum  value 
of  magnetic  field  above  which  the 
magnetron  does  not  operate  (experimental 
Buneman-Hartree  threshold)  shifts  toward 
larger  values  of  B  when  the  cathode  with 
end  caps  is  employed.  Accordingly,  the 
magnetic  field  value  B*  at  which  the 
microwave  power  reaches  maximum  also 
increases  (Fig.3).  The  above  features, 
which  are  inherent  for  both  smooth  and  pin 
cathodes,  find  an  explanation  in  the  fact 
that  the  downstream  current  L  is 
effectively  suppressed  by  the  end  caps;  see 
Fig.2c.  As  this  current  constitutes  a 


MAGNETIC  FIELD,  kQ 


MAGNETIC  FIELD,  kG 


Fig.2  Plots  of  the  microwave  power  (a,b) 
and  the  downstream  electron  current  (c)  vs 
the  applied  axial  magnetic  field.  The  curves 
were  obtained  when  the  cathodes  with 
(dotted  lines)  and  without  (solid  lines)  end 
caps  were  employed. 

significant  fraction  of  the  total  diode 
current,  it  leads  to  an  increase  of  the 
magnetron  impedance,  at  least,  at  magnetic 
fields  sufficiently  larger  than  Bh. 
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Fig.  3  Peak  output  microwave  power  as  a 
function  of  relevant  magnetic  field  values  for 
all  cathodes  tested. 
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Consequently,  the  diode  voltage  Vd  also 
increases,  provided  the  charging  voltage  of 
the  pulsed  power  supply  with  50Q  internal 
impedance  is  kept  constant,  and  this 
increased  effective  diode  voltage  accounts 
for  the  larger  microwave  power  generated 
by  the  magnetron.  (The  microwave  power 
exhibits  an  approximately  cubic 
dependence  on  the  diode  voltage  [5]).  This 
also  leads  to  the  shift  towards  higher  Bbh 
because  Beh-Vu. 


Fig.4  Microwave  power  vs  pulse  length. 
The  curves  are  obtained  by  varying  magnetic 
field  at  the  constant  charging  voltage  of  the 
pulsed  power  supply. 

At  a  low  magnetic  field  and,  accordingly, 
at  a  low  microwave  power,  the  microwave 
pulse  duration  Xji«150ns  and  diminishes  to 
~20-30ns  at  B«B*  where  P^  reaches  its 
maximum.  Significantly,  does  not 
depend  on  whether  the  end  caps  are  fitted 
to  the  cathode.  Therefore,  creation  of  the 
unwanted  explosive  emission  plasma  spots 


Fig.5  Plots  of  the  microwave 
power  (above)  and  FWHM  pulse  length 
(below)  vs  magnetic  field  obtained  with 
the  perforated  stainless  steel  cathode. 

on  the  electrode  surfaces,  if  any,  does  not 
facilitate  the  pulse  shortening. 

By  comparing  the  operation  of  the 
RM  with  pin  and  smooth  cathodes,  we  can 
conclude  that  the  latter  allow  generation  of 
larger  microwave  power  in  the  region  of 
short  x^  and  longer  x^  (>50%)  at  lower  Pji 
(Fig.4).  In  the  intermediate  region  of  P^ 
and  x^  (~300-400MW,  60-90ns),  the 
magnetron  characteristics  obtained  with 
smooth  and  pin  cathodes  are  similar  to 
each  other.  Remarkably,  the  Pn(x^) 
dependence  obtained  with  the  disk  cathode 
represents  features  that  are  specific  for 
both  types  of  cathodes.  This  leads  to  a 
conclusion  that  the  geometry  of  the 
cathode  emission  surface  is  an  essential 
factor  which  determines  the  RM  output 
power  and,  most  importantly,  the 
microwave  pulse  length. 

Amongst  all  cathodes  tested,  the 
velvet  cathode  represents  the  most 
favourable  option.  After  ~10^  shots  it  still 
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operated  satisfactorily  despite  an 
appreciable  degree  of  deterioration  of 
velvet  fibres.  (We  believe  that  such  a 
relatively  long  lifetime  is  the  result  of  the 
incorporation  of  the  perforated  stainless 
steel  cylinder  covering  the  velvet  surface 
into  the  cathode  design).  Nevertheless,  the 
lifetime  of  ~10^  shots  would  not  be 
acceptable  in  practical  applications  where 
long  periods  between  cathode 
replacements  are  required.  We  therefore 
tested  a  version  of  the  cathode  consisting 
of  the  perforated  cylinder  only.  This 
cathode  still  has  a  large  number  of  points 
with  enhanced  electric  field  (edges  of  the 
cylinder  perforations)  that  are  uniformly 
distributed  along  the  cathode  surface  thus 
providing  a  more  uniform  plasma 
distribution  than  that  associated  with  a 
plain  metal  cathode.  This  cathode 
exhibited  slightly  lower  and  than  the 
original  velvet  type  (Fig.5),  but  the  longer 
lifetime  that  is  expected  makes  the 
perforated  metal  cathode  a  satisfactory 
alternative. 

CONCLUSIONS 

The  cathode  end  caps  were  mostly 
abandoned  after  transition  from 
conventional  low  voltage  to  relativistic 
magnetrons  (with  rare  exceptions,  for 
example,  [6]).  We  have  shown  that  the 
introduction  of  the  end  caps  to  the  cathode 
intended  for  use  in  the  relativistic 
magnetrons  allow  an  increase  of  the 
overall  (if  not  electronic)  efficiency  of  the 
relativistic  magnetron  without 
compromising  the  pulse  shortening. 

The  experimental  results  obtained 
with  various  cathode  emissive  surface 
geometries  showed  that  such  design 
features  affect  not  only  the  microwave 
output  power  but  also  the  pulse  length.  The 
more  uniform  cathode  plasma  production 
facilitates  increase  of  the  microwave  pulse 
length. 
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ABSTRACT 

A  sectioned  oscillator  (twystron  with  the  self-exciting  input  section)  is  studied  as  a  method  for 
realization  of  the  regime  of  trapping  and  adiabatic  deceleration  of  electrons  in  CARMs.  It  is 
shown  that  the  achievement  of  almost  total  trapping  of  electron  beam  and,  therefore,  of  a  high 
electron  efficiency,  is  possible  when  the  first  section  is  a  Bragg  cavity  with  the  distributed 
feedback.  Experimental  realization  of  the  CARM-twystron  in  the  regime  of  trapping  at  the 
fundamental  cyclotron  harmonic  with  the  wavelength  of  8  mm,  the  electron  beam  current  and 
voltage  of  100  A  and  500  kV  respectively,  and  the  estimated  output  RF  power  of  20  MW  ith 
the  efficiency  of  40-50%,  is  being  in  the  process. 

INTRODUCTION 

A  natural  method  for  efficiency  enhancement  of  Free-Electron  Lasers  (FELs)  is 
providing  some  mechanism  of  prolonged  synchronism  between  electrons  and  the  RF  wave 
during  the  process  of  electron-wave  energy  exchange.  For  various  types  of  FELs  (in  particular, 
for  CARMs),  one  such  mechanism  is  the  well-known  regime  of  trapping  of  electrons  by  the 
potential  well  formed  by  the  RF  wave,  and  of  adiabatic  deceleration  of  the  trapped  particles  by 
smoothly  profiling  the  parameters  of  the  system  (a  similar  regime  was  first  proposed  for  TWTs 
[1])  [2-6].  According  to  the  theory  [1-6],  this  regime  can  provide  a  considerable  increase  in 
efficiency  and  a  decrease  in  the  sensitivity  to  spread  in  electron  velocity,  as  compared  with  the 
“traditional”  regime  of  compact  electron  bunching  [7].  One  should  stress  that  just  the 
realization  of  the  regime  of  trapping  allowed  the  achievement  of  a  high  electron  efficiency  for 
the  first  time  in  a  FEL-amplifier  experiment  [8].  However,  in  auto-oscillators  the  realization  of 
this  regime  is  more  complicated  due  to  several  reasons.  Evidently,  the  main  ones  are  difficulties 
in  providing  single-frequency  operation,  and  in  the  excitation  of  the  long,  profiled  system, 
especially  for  a  relatively  short  electron  pulse.  In  order  to  avoid  these  difficulties,  one  can 
develop  the  idea  of  sectioning  (see  e  g.  [9])  and  consider  a  FEL-oscillator  of  the  twystron  type 
with  the  microwave  system  consisting  of  the  first,  self-exciting  section,  being  a  relatively  short 
cavity,  and  the  second  prolonged  section,  where  trapping  is  provided  [10]. 

SIMPLEST  MODEL 

In  the  simplest  model  of  a  sectioned  FEL-oscillator  [10]  (Fig.l),  the  first,  self-exciting, 
section  is  a  relatively  short  segment  of  a  waveguide  with  RF  feedback,  which  is  provided  by 
very  short  reflectors  at  the  input  and  output  of  this  section,  with  the  reflection  coefficients 
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100%  and  R  respectively.  The  RF  field  passes  through  the  output  reflector  and  comes  into  the 
second  section,  which  consists  of  a  long  waveguide  without  RF  feedback. 

If  electrons  are  close  to  the  resonance  with  the  RF-wave,  then  the  main  part  of  them 

is  trapped  by  the  potential  well,  which  is 
formed  by  the  RF  field.  On  the  phase  plane 
with  axes  of  electron  energy  and  electron 
phase  with  respect  to  the  wave,  the  trapped 
particles  perform  synchrotron  oscillations 
inside  the  bucket  with  energy  center, 
corresponding  to  the  exact  cyclotron 
resonance  of  electrons  with  the  wave  (Fig. 2 
a).  The  first  section  is  excited  due  to  the 
“traditional”  mechanism  of  compact  electron 
bunching  during  the  electron-wave  interaction 
over  a  length  of  the  order  of  the  half-period  of 
the  electron  synchrotron  oscillation.  The  second  section  represents  an  amplifier.  The  input 
signals  for  this  amplifier  are  both  the  RF  wave,  having  passed  through  the  output  reflector  of 
the  first  section,  and  perturbations  in  the  electron  density  due  to  electron  bunching  inside  the 
first  section.  In  the  second  section,  the  resonant  energy,  6,  (z),  decreases  with  the 
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FIRST  SECTION  SECOND  SECTION 


Fig.  1 .  Schematic  of  the  sectioned  auto-oscillator 
with  a  self-exciting  input  section 
and  a  profiled  output  section. 


longitudinal  coordinate  (Fig.  1)  due  to  profiling  the  parameters  of  the  system  (for  instance, 
profiling  the  guiding  magnetic  field  in  the  CARM,  or  the  undulator  field  in  the  ubitron). 
Energies  of  the  trapped  particles  decrease  with  the  decrease  of  (.?;),  energies  of  the  other 


over  the  phase  plane  at  the  output  of  the  first  (a) 
and  the  second  (b)  sections. 


particles  practically  do  not  vary.  For  this 
regime,  the  electron  efficiency  of  the  CARM 
is  limited  by  the  trapping  coefficient,  K,  being 
the  share  of  particles  which  are  trapped  in  the 
second  section  (Fig. 2b): 

^  =  ^^s.p.  ^ 

where 

^ _ Pi _ 

2(l-P||/Pp|,)(l-Yo')  ■ 

is  the  so-called  single-particle  electron 
efficiency  [11],  being  the  maximal  possible 
share  of  the  energy  which  is  radiated  in  the 
CARM  by  a  single  particle  when  it  loses  all  its 
transverse  momentum.  Here 

Pi, II  =  ''l,||  /  ^  Pph  =  ■^ph  /  ^  are 

the  initial  transverse  and  longitudinal  electron 
velocities  and  the  RF  wave  phase  velocity 
normalized  by  the  speed  of  light, 

Yo  =  f>Ql 


According  to  calculations  [10],  for  smooth  profiling  the  trapping  coefficient  is  defined 
basically  by  the  parameters  of  the  self-exciting  section;  namely,  by  the  reflection  coefficient  at 
the  output  of  the  first  section.  If  the  power  reflection  coefficient  is  small  enough,  7?  =  0.1  -  0.3 , 
then  almost  total  trapping,  K  -0.9-  0.95 ,  can  be  achieved  in  a  very  wide  region  of  parameter 
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space.  The  increase  of  R  leads  to  a  significant  decrease  of  the  trapping  coefficient  because  in 
this  case  the  system  contains  a  non-adiabatic  factor.  This  is  a  fast  change  of  the  complex  RF 
amplitude  in  the  region  of  the  transition  from  the  first  section  into  the  second  one,  because  in 
this  region  the  strong  reflection  of  the  RF  wave  by  the  output  reflector  takes  place.  On  the 
phase  plane,  this  leads  to  a  significant  phase  shift  between  the  buckets  corresponding  to  the 
output  of  the  first  section  and  the  input  of  the  second  section  (Fig.  2  a).  As  a  result,  a  lot  of 
electrons  leave  the  bucket. 

SELF-EXCITING  SECTION  WITH  DISTRIBUTED  FEEDBACK 

This  difficulty  can  be  avoided  by  using  a  prolonged  output  reflector:  the  self-exciting 
section  can  be  a  cavity  with  the  distributed  feedback  provided  by  two  reflectors:  a  short  input 
reflector,  and  a  Bragg  reflector  with  a  length  approximately  equal  to  the  total  length  of  the 
section  (tig.  3).  In  this  case,  due  to  a  smoother  distribution  of  the  RF  field  within  the  region  of 
the  transition,  the  shift  in  the  phase  of  the  bucket  centers  is  not  so  fast  as  in  the  case  of  the 
short  output  reflector.  This  should  provide  more  accurate  trapping  of  electrons  at  the 
beginning  of  the  second  section. 


a  -  Longitudinal  structures  of  the  forward  and  backward  waves 
of  the  “hot”  eigenmode  inside  the  self-exciting  section, 
b  -  Electron  efficiency  and  guiding  magnetic  field  versus  the  longitudinal  coordinate. 


Fig.  4.  Schematic  of  the  preliminary  experiment 


The  proposed  scheme  can  be  effectively  used 
for  various  FELs,  including  ubitrons,  CARMs 
and  Cherenkov  devices.  As  for  the  CARM, 
our  goal  is  a  significant  enhancement  of  their 
efficiency  in  the  experiments  at  the 
fundamental  [12]  and  the  second  [13] 
cyclotron  harmonics.  As  calculations  show 
(Fig.  3),  at  the  both  harmonics  a  high  electron 
efficiency  (about  of  40  -  50  %)  can  be 
achieved. 

Advantages  of  the  supposed  scheme  of 
the  CARM  were  confirmed  by  a  preliminary 


experiment  under  the  realization  of  the  CARM-twystron  in  the  regime  of  trapping  (the 
fundamental  cyclotron  harmonic,  8  mm  wavelength,  100  A  /  500  kV  electron  beam).  The  main 
disadvantage  of  this  experiment  were  a  quite  bad  quality  of  the  electron  beam  (a  large  velocity 
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spread),  as  well  as  a  non-ideal  tapering  of  the  magnetic  field  (Fig.4).  However,  even  for  a  bad 
electron  beam,  the  experiment  demonstrated  the  possibility  of  a  significant  increase  of  the 
output  power  due  to  the  use  of  the  regime  of  trapping:  the  power  of  5.2  MW  (in  stead  of  3.6 
MW  obtained  in  this  experiment  for  the  traditional  scheme  of  the  oscillator)  was  achieved. 

CONCLUSION 

The  scheme  of  the  sectioned  oscillator  (twystron  with  self-exciting  input  section)  is 
very  attractive  from  the  point  of  view  of  realization  of  the  regime  of  trapping  and  adiabatic 
deceleration  of  particles  in  FELs  (in  particular,  CARMs).  It  is  shown  that  the  achievement  of 
almost  total  trapping  of  the  electron  beam  and,  therefore,  of  a  high  electron  efficiency,  is 
possible  in  such  devices.  If  the  self-exciting  section  is  a  waveguide,  terminated  by  RF 
reflectors,  then  trapping  is  effective  at  relatively  low  Q  for  this  section.  The  case,  when  the  first 
section  is  a  cavity  with  distributed  feedback,  proves  to  be  more  attractive.  Due  to  a  smoother 
distribution  of  the  RF  field  within  the  region  of  the  transition  from  the  first  section  into  the 
second  one,  trapping  of  electrons  is  more  complete.  Thus,  in  this  case,  effective  trapping  can 
be  achieved  at  both  low  and  high  Q  of  the  first  section  It  is  demonstrated  that  the  considered 
scheme  can  provide  a  high  electron  efficiency  CARMs  operating  at  both  the  fundamental  and 
second  cyclotron  harmonics. 

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research,  Grants  No. 
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Abstract 

The  University  of  New  Mexico  (UNM)  long  pulse  backward  wave  oscillator  (BWO) 
experiment  has  been  investigating  three  issues;  i)  the  observation  of  axial  mode 
switching  during  the  course  of  microwave  generation  in  vacuum,  ii)  the  use  of  laser 
interferometry  to  correlate  the  evolution  of  wall  plasma  with  pulse  shortening  during 
operation  in  vacuum,  and  iii)  the  effects  of  a  controlled  plasma  prefill  from  a 
cathode-mounted  plasma  source  on  BWO  output  characteristics.  Results-to-date 
from  our  investigations  indicate  that  a  cross-excitation  instability  is  observed  under 
certain  operating  conditions  during  vacuum  operation.  This  instability  depends  on 
three  parameters:  i)  the  normalized  slow  wave  structure  length,  ii)  the  ratio  of 
electron  beam  current  to  start-oscillation  current,  and  iii)  the  reflection  coefficient  at 
the  downstream  end  of  the  electrodynamic  system.  Furthermore,  a  HeNe  laser 
interferometer  indicates  that  plasma  appears  in  two  phases  during  the  course  of 
vacuum  operation.  The  initial  low  density  phase  I  plasma  is  attributed  to  beam 
scrape-off  from  the  cutoff  neck  region  at  the  input  to  the  electrodynamic  system.  A 
significantly  higher  phase  II  plasma  is  measured  after  the  occurrence  of  pulse 
shortening,  and  the  magnitude  of  this  plasma  is  correlated  with  the  radiated 
microwave  power  level.  We  believe  this  plasma  is  attributed  to  a  catastrophic 
discharge  occurring  during  very  high  power  excitation.  Finally,  the  intentional 
prefill  of  the  slow  wave  structure  with  a  preionized  plasma  emanating  from  the 
cathode  is  found  to  both  enhance  microwave  generation  efficiency,  and  quench  the 
radiated  power,  depending  on  the  density  of  the  plasma  prefill. 


UNM  Long  Pulse  BWO  Configuration 

The  basic  experimental  apparatus  has 
been  described  previously  [1,2],  and  thus,  is 
only  briefly  summarized  here.  A  cross- 
sectional  diagram  of  the  BWO  is  shown  in 
Fig.  1.  A  modified  Physics  International 
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Pulserad  IlOA  with  a  maximum  storage 
capacity  of  2.75  kJ  is  connected  to  a  parallel 
L-C  network  and  provides  a  voltage  pulse  of 
up  to  500  kV  with  a  FWHM  pulse  duration 
of  350  ns.  An  electron  beam  is  emitted 
from  an  annular  knife-edge  graphite 
cathode,  and  is  guided  by  a  magnetic  field 
of  2T  through  the  SWS  into  the  beam 
dump.  The  generated  microwaves  are 
extracted  from  a  conical  horn  antenna, 
12.7  cm  in  diameter,  covered  with  a 
0.25  mm  thick  Mylar  window  to  maintain 
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Figure  1 .  Cross-sectional  diagram  of  the  B  WO. 


the  vacuum-to-air  interface.  The  base 
pressure  in  the  SWS  region  is  on  the  order 
of  7- 10'^  Torr(10'^  Pa). 

Cross-Excitation  Instability 

Levush,  et  al.  [3]  presented  results  from 
nonlinear  numerical  simulations  that  show 
various  aspects  of  BWO  operation.  The 
value  of  the  resonance  wave  number 
determines  whether  the  BWO  operates  in  a 
steady,  single  frequency  regime  or  in  a 
multi-frequency  regime  characterized  by 
instabilities  that  result  from  over-bunching 
of  the  electron  beam.  Furthermore,  an 
additional  regime  exists  where  the  start 
current  and  gain  of  one  mode  is  modified  by 
the  presence  of  another  saturated  mode, 
enabling  it  to  compete  with  the  first.  This 
regime  is  referred  to  by  Levush  and  his 
colleagues  as  the  “cross-excitation” 
instability  regime.  If  the  amplitudes  of  the 
two  modes  are  approximately  the  same,  the 
total  power  output  and  efficiency  of  the 
BWO  are  essentially  unchanged,  but  no 


single-frequency  equilibrium  is  achieved.  If 
the  second  mode  has  a  considerably  larger 
amplitude,  the  first  mode  will  be  suppressed 
and  a  noticeable  jump  in  efficiency,  power 
output,  and  now  frequency  will  occur  as  the 
second  mode  reaches  saturation. 

This  cross-excitation  instability  or  axial 
mode  switching  has  been  observed 
experimentally  with  the  UNM  long  pulse 
BWO,  and  is  presented  in  Fig.  2.  As  shown 
in  the  plot,  the  radiated  power  initially  rises 
to  22  MW  at  an  output  frequency  of 
9. 1  GHz.  Approximately  5  ns  after  the  peak 
power  is  reached,  the  power  rapidly 
decreases  as  the  second  axial  mode  in  the 
SWS  begins  to  grow.  This  second  mode 
results  in  considerably  more  efficient  beam- 
to-microwave  energy  conversion,  as  the 
power  quickly  rises  above  70  MW, 
eventually  reaching  a  peak  of  92  MW.  The 
frequency  also  increases  by  several 
100  MHz  to  about  9.4  -  9.5  GHz.  The 
BWO  runs  in  the  single  frequency  regime 
when  operated  at  a  slightly  lower  or  higher 
diode  voltage. 
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Time  (20  ns/div) 


Fig.  2.  Microwave  power  waveform  and  frequency 
measurements  illustrating  the  “cross-excitation” 
instability.  Diode  voltage:  460  kV,  average  beam 
current:  1.5  kA,  and  B  =  2  T. 


longer  time  scale  than  the  measurement 
shown  in  Fig.  3.  (The  features  in  Fig.  3  are 
barely  visible  as  the  rising  portion  of  the 
signal  in  Fig.  4.)  At  approximately 
t  =  200  ns,  <Wg  L>  increases  dramatically 
until  it  reaches  its  maximum  at  about 
t  =  400  ns,  as  shown  in  Fig.  4.  This 
enormous  increase  in  plasma  is  measured 
after  the  termination  of  the  microwave 
pulse.  However,  this  can  be  attributed  to 
plasma  originating  along  the  SWS  wall  and 
diffusing  radially  inward  across  the 
magnetic  field  lines  into  the  path  of  the  laser 
beam. 


Laser  Interferometry  Measurements 

Although  pulse  shortening  is  observed 
across  a  wide  class  of  high  power 
microwave  devices,  its  origin  is  not 
definitively  imderstood.  Many  hypotheses 
suggest  that  the  unintentional  introduction 
of  plasma  into  the  interaction  region  near 
the  walls  of  the  SWS  is  one  of  several  likely 
causes  of  pulse  shortening  in  intense 
electron  beam-driven  devices.  Here,  laser 
interferometry  is  used  for  the  first  time  to 
measure  the  line-integrated,  temporally 
resolved  plasma  density  between  an  intense, 
relativistic,  annular  electron  beam  and  slow 
wave  structure  (SWS)  walls  for  a  variety  of 
radiated  microwave  peak  power  levels. 

In  general,  two  phases  of  the  line- 
integrated  electron  density  have  been 
measured  using  the  interferometer.  The 
initial  or  first  phase  is  characterized  by  a 
linear  increase  in  plasma  density  and  can 
only  be  detected  on  a  very  sensitive  scale. 
This  plasma  is  first  observed  at  a  time 
corresponding  to  the  onset  of  the  electron 
beam  current  in  the  SWS,  as  shown  in 
Fig.  3.  The  linear  rise  in  line- integrated 
electron  density  continues  until  about  200  ns 
after  the  onset  of  electron  beam  current,  at 
which  point  the  second  phase  in  the 
measurement  begins,  as  indicated  in  Fig.  4. 
Note  that  this  measurement  is  presented  on  a 
less  sensitive  amplitude  scale,  and  a  much 


Fig.  3.  Typical  result  of  the  early  phase  of  the  line- 
integrated  plasma  density  (phase  I  plasma),  with 
t  =  0  corresponding  to  the  start  of  the  microwave 
signal. 


Fig.  4.  Typical  line-integrated  plasma  density  signal 
on  a  longer  time  scale  (showing  the  phase  II 
plasma). 

Fig.  5  presents  a  plot  of  the  maximum 
line-integrated  plasma  density  measured  in 
phase  II  as  a  fimction  of  radiated  microwave 
pulse  duration.  It  is  clearly  seen  that  when 
the  phase  II  plasma  peak  is  greater,  a 
decrease  in  the  radiated  microwave  pulse 
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duration  occurs.  The  same  trend  is  also  seen 
for  the  phase  I  plasma,  which  is  about  one 
order  of  magnitude  smaller  in  amplitude 
than  the  phase  II  plasma. 


Fig.  5.  Maximum  line-integrated  plasma  density 
(measured  around  t  =  400ns)  as  a  function  of 
microwave  pulse  duration. 

The  measurements  can  be  interpreted  as 
follows.  The  electron  beam  scrapes  along 
the  wall  of  the  cutoff  neck  and  produces 
plasma  that  rapidly  diffuses  along  the 
magnetic  field  lines  into  the  SWS  (the  phase 
I  plasma).  We  believe  that  the  phase  II 
plasma  is  probably  the  plasma  following  a 
catastrophic  event,  such  as  a  microwave 
field-initiated  breakdown  in  the  SWS.  A 
more  detailed  description  of  these 
measurements  is  given  in  reference  [4]. 

Plasma  Prefilled  BWO 

The  intentional  introduction  of  plasma 
into  the  SWS  of  a  BWO  has  been  shown  to 
increase  microwave  power  output  and 
generation  efficiency,  as  well  as  provide 
several  other  benefits.  Researchers  at 
Niigata  University  in  Japan  have  performed 
a  linear  analysis  that  shows  that  the  optimal 
plasma-filled  BWO  configuration  is  one  in 
which  the  plasma  is  confined  close  to  the 
axis  of  the  SWS,  while  the  electron  beam 
driving  the  device  is  kept  close  to  the  walls 
[5].  At  UNM,  the  plasma  prefill  source  is 
uniquely  mounted  internal  to  the  cathode 
structure  of  a  high  power  BWO,  providing 


injection  of  the  plasma  directly  on  axis  in 
the  strong,  uniform  field  region  of  the 
BWO.  The  plasma  prefill  has  been  found  to 
both  enhance  and  reduce  the  microwave 
generation  efficiency,  depending  on  the 
plasma  density. 

With  a  prefill  plasma  density  on  the 
order  of  lo"  cm‘^,  an  enhancement  of  about 
30%  in  microwave  generation  efficiency  has 
been  observed  compared  with  the  vacuum 
case.  At  higher  fill  densities,  though,  the 
effect  of  the  plasma  was  to  quench  the 
microwaves.  Details  of  the  novel  plasma 
injection  system  and  initial  results 
summarizing  its  effects  on  microwave 
generation  are  presented  in  reference  [6]. 
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INTRODUCTION 

Coaxial  configuration  of  a  drift  space  in  which  a  high-current  electron  beam  propagates 
interacting  with  an  electromagnetic  field  was  used  as  early  as  in  the  first  experimental  work 
on  high-power  microwave  generation  [1].  The  space  charge  limiting  current  value  is  higher 
for  a  coaxial  geometry  so  that  this  geometry  seemed  natural  for  beams  of  several  tens  kA 
current  used  in  [1].  The  same  reason,  along  with  the  possibility  to  produce  ultrahigh  RF 
power  at  higher  than  L-band  Irequencies,  argued  the  concept  ol  the  triaxial  relativistic 
klystron  [2],  Also  for  Cherenkov  masers,  the  advantages  of  the  coaxial  configuration  pointed 
out  in  [3,  4]  were  increased  beam  drive  power  and  decreased  electric  field  along  a  dielectric 
surface  for  a  given  RF  power. 

There  is,  however,  a  specific  attractive  feature  of  the  coaxial  configuration  with  an  inner 
rod  supporting  slow  wave  propagation  which  was  emphasized  for  the  first  time  in  [5],  It  concerns 
original  possibilities  for  the  microwave  input  and  output  in  a  traveling  wave  tube  (TWT)  device. 
Indeed,  a  dielectric  rod,  or  a  ridged  or  corrugated  metal  rod,  is  a  long  ago  known  microwave 
transmission  line  and  well  developed  surface  wave  antenna.  The  coaxial  system  can  be 
considered  as  the  section  of  such  antenna  where  the  feed  signal  is  amplified  due  to  Cherenkov 
interaction  with  a  beam  moving  near  the  antenna  surface.  An  outer  conductor  of  the  coaxial  is 
necessary  to  provide  a  vacuum  region  for  beam  propagation  and  can  also  be  used  as  the  place  of 
beam  dumping.  In  fact,  such  a  device  would  be  the  hybrid  antenna-amplifier  device,  -  a 
combination  of  a  traveling  wave  tube  and  a  surface  wave  antenna. 

Usually,  the  operating  mode  of  a  rod  antenna  is  the  fundamental  non-axisymmetric  HEn 
mode  which  has  no  cut-off  frequency,  whereas  for  traveling  wave  tubes,  the  typical  operating 
mode  is  the  lowest  axisymmetric  TM  mode.  The  HE, ,  mode,  however,  has  E,  component  of 
electromagnetic  field  and,  hence,  can  bunch  an  electron  beam  as  well  as  the  TM  mode.  In  order  to 
determine  gain  and  bandwidth  values  aehievable  for  the  HE, ,  mode  and  make  a  comparison  with 
the  case  of  the  symmetric  TM  mode,  it  is  sufficient  to  derive  a  dispersion  relation  not  assuming 
azimuthal  symmetry  for  perturbations.  From  the  numerical  solution  of  a  dispersion  relation,  one 
can  obtain  growth  rates  for  any  eigenmode  with  arbitrary  azimuthal  index. 

In  this  work,  such  an  investigation  has  been 
performed  for  the  case  of  a  circular  waveguide  with  an 
inner  dielectric  rod  and  an  annular  beam  between  the  rod 
and  outer  wall.  The  geometry  is  shown  in  Fig.l  where  the 
dimensions  are  indicated.  In  fact,  this  system  is  a  dielectric 
Cherenkov  maser  (DCM)  of  unusual  configuration  as  in 
the  traditional  f)CM,  a  beam  propagates  inside  a  hollow 
dielectric  liner.  The  beam  is  assumed  fully  magnetized, 
monoenergetic,  and  infinitely  thin. 
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DISPERSION  RELATION 


Azimuthally-depended  rf  fields  are  proportional  to  c\p\i{l 6  +  kz  -  cot)]  where  (o  is  the 
frequency,  k  is  the  longitudinal  wavenumber,  and  /  is  the  azimuthal  index.  Radial 
dependences  of  the  longitudinal  field  components  are  given  by  Bessel  and  modified  Bessel 
functions  of  /th  order 
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where  p  -zto  jc  -k\  q  =k  -oijc  ,  s  is  the  dielectric  constant.  The  matching 
conditions  at  the  dielectric  surface  for  E,)  and  Ho  components  expressed  through  Ey  and  H;, 
are  written  as  follows: 
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Using  the  one-dimensional  linear  fluid  equations  for  the  beam,  one  can  obtain  the 
condition  for  the  jump  of  derivative  at  the  beam  surface 
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where  E  is  the  beam  current,  u  is  the  beam  velocity,  and  y  is  Lorentz  factor.  Substitution  of 
(2)  and  (3)  into  (1)  and  the  matching  conditions  for  E^  and  ff  yield  finally  the  following 
dispersion  relation; 
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where 
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NO-BEAM  SYSTEM 

In  the  no-beam  case  (//,  ==  0),  the  solution  of  Eq.  (4)  are  shown  in  Fig.2  for  /  =  0,  1,  and  2 
(solid  curves).  The  a/h  ratio  has  been  taken  to  be  0.5  in  order  to  compare  the  waveguide  with 
the  rod  with  traditional  DCM  configuration  of  the  same  a  h.  From  this  comparison,  the  main 
significant  difference  of  the  system  studied  is  clearly  seen.  Namely,  at  the  phase  velocities  less 
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than  c,  the  lowest  non-axisymmetric 
mode  HE  11  is  quite  well  spaced  by 
frequency  from  the  nearest  neighbours, 
TMoi  and  HE21  modes,  whereas  for  the 
case  of  the  liner  loading  the  waveguide 
wall,  the  dispersion  curves  of  the  HEn 
and  TMoi  modes  are  very  close  to  each 
other. 

Indeed,  for  a  single  dielectric  rod, 
propagating  surface  waves  are  slow  and 
all  the  modes  have  cut-off  frequencies 
determined  by  the  rod  thickness  except 
for  the  fundamental  HEn  mode.  If  an 
outer  wall  is  placed  around  rather  far 
from  a  rod,  the  frequency  ranges  appear 
where  modes  are  fast,  and  the  HEn 
mode  has  the  cut-off  frequency 
determined  by  the  wall  diameter;  however,  in  the  ranges  where  the  phase  velocities  are  less 
than  c,  there  is  no  considerable  changes.  Therefore,  the  thinner  rod,  the  larger  spacing  between 
the  HEn  mode  and  others  shown  in  Fig.2.  It  means  that  the  scale  of  evanescence  of  the  surface 
wave  field  in  the  vacuum  region  can  be  significantly  greater  for  the  HEn  mode  so  that  it  can 
dominate  in  the  instability  spectrum  of  the  “hof’  system  if  the  beam  moves  at  rather  large 
distance  from  the  rod.  This  is  illustrated  below. 


Fig.2. 


Phase  velocity  vs  ficquency  for  vaiious  wavqjuide 
inodes.  Solid  curves  -  waveguide  witfi  dielectric  ixxi, 
dashed  curves  -  waveguide  with  hollow  liner, 
s  =  2.25,  a'h  0.5. 


RESULTS  AND  DISCUSSION 

In  Fig.3,  the  instability  spectrum  of  the  system  obtained  from  the  numerical  solution  of 
the  dispersion  relation  (4)  at  various  azimuthal  indices  is  presented.  The  rod  parameters  are 
taken  the  same  as  in  Fig.2,  and  the  beam  parameters  are  very  typical  for  relativistic  TWTs 
(taking  into  account  the  dc  space  charge  potential  depression,  1.7  kA  beam  current  and 
7=1.8  at  given  radius  correspond  to  the  applied  voltage  of  ~470  kV).  The  frequency 


corresponding  to  the  HEn  mode  spatial  growth 
waveguide  radius  h  of  2. 0-2. 5  cm  that  yields  the 
beam-dielectric  gap  of  2.0-2. 5  mm  and  the  gain 
of  0.8-1. 0  dB/cm.  One  can  see,  however,  that 
the  absolute  peak  of  the  growth  rate  falls  to  the 
HE21  mode  and  even  for  the  HE31  mode,  growth 
rates  are  the  same  as  for  the  HEn  in  spite  of 
much  higher  frequency.  This  is  explained  by  the 
specific  radial  dependence  of  the 
electromagnetic  field  transverse  components. 
Indeed,  for  the  HEn  mode,  the  power 
transmitted  is  distributed  over  the  whole  rod 
cross-section,  whereas  for  other  modes,  it  is 
concentrated,  more  or  less,  near  the  rod  surface, 
so  that  the  same  power  corresponds  to  the  lower 
Ey  component  for  the  HEi  1  mode. 

The  situation  is  changed  if  one  decrease 


rate  maximum  falls  to  the  X-band  at  the 


Fig.3.  Spatial  growth  rate  vs  frequency  for 
various  modes.  8  =  2.25,  a/h  ^  0.5, 
rt  h  -  0.6,  y  =  1.8,  4  =  1.7  kA. 
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Fig.4.  The  same  plot  as  Fig.3  except  for 

a/h  =  0.3  and  rf,'h  =  0.4  (solid  cmves), 
=  0.5  (dashed  curves). 


the  rod  radius  and  increase  the  distance 
between  the  beam  and  dielectric  surface.  In 
Fig.4,  the  instability  spectrum  is  shown  for 
the  less  ratio  a  h  =  0.3  and  two  different  beam 
radii  (for  given  beam  energy  and  current,  the 
applied  voltage  turns  out  to  be  of  521  kV  for 
t-h  b  =  0.4  and  494  kV  for  r^h  =  0.5).  In  this 
case,  the  HEn  mode  dominates,  especially, 
for  rt,  h  ^0.5.  The  X-band  frequency  range 
for  the  HEii  mode  would  be,  for  instance,  at 
b  3.5  cm  that  corresponds  to  the  gain  values 
of  0.74  dB/cm  for  3.5  mm  beam-dielectric 
gap  (solid  curve)  and  0.37  dB/cm  for  7  mm 
gap  (dashed  curve). 

The  last  figure  for  the  gain  seems  to  be 


rather  small  so  that  such  a  geometry 
providing  the  HEn  mode  prevalence  would  be  more  acceptable  for  smaller  waveguide  radius 
and  higher  than  X-band  frequencies  (for  instance,  20  GH/).  It  should  be  noted,  however,  that 
high  degree  of  the  HEn  mode  prevalence  for  X-band  frequencies  can  be  achieved  with  lower 
beam  energies  and  larger  dielectric  constants  of  the  rod.  In  Fig.5,  the  results  of  calculations  are 


presented  for  c  5,  and  the  taken  beam  parameters  correspond  to  265  kV  accelerating  voltage. 
Here,  the  frequency  of  the  HE, ,  mode  growth  rate  peaking  would  be  of  10  GHz  at  6  =  2  cm,  and 
the  gain  would  be  0.97  dB/cm  at  4  mm  beam-dielectric  gap,  quite  acceptable  values  for  a  TWT 
device.  The  bandwidth  in  this  case,  though,  is  narrower  than  for  the  parameters  of  Fig.3  or 
Fig.4  (for  the  solid  curve).  o 3o  -! 

HE 

To  make  a  conclusion,  the  linear  theory  \ 

has  been  developed  for  the  coaxial  ’  \ 

configuration  of  a  TWT  without  the  A 

assumption  of  axial  symmetry  for  -S'  he^, 

electromagnetic  fields  in  the  system.  The  ^  ° 
lowest  non-axisymmetric  HEn  mode  can  be  “  ' 

the  prevaling  mode  in  the  instability 

spectrum.  The  gain  and  bandwidth  values  oos  -  I 

achievable  in  this  case  can  be  typical  for  11 

usual  relativistic  TWTs  at  the  very  accessible  °°°oo  '  2.0  ’  4.0  '  e.b  ”  eb  ‘  lio  '  i2’o  '  1V0 

electron  beam  parameters  and  reasonable  wb/c 

geometries  for  the  X-band  frequencies  and  p;  c  Tn,  1  *  c-  ^ 

U  r-  •  .  .  ..  5.  The  same  plot  as  Fig.3.  a  =  5,  a  h  0.3, 

above.  1  he  configuration  considered  allows 

,  1-  ^  1-  ,  ,  n  -  U.3,  y  -  1.4, -  1  kA. 

one  to  combine  a  traveling  wave  tube  and  a 


surface  wave  radiating  antenna  in  a  single  hybrid  device.  Such  a  device  would  be  rather 
compact  for  high  radiated  power  and,  at  the  same  time,  would  provide  a  wide  range  of 
possibilities  for  high-power  microwave  beam  control. 
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The  excitation  by  an  electron  beam  of  UHF  oscillations  in  coaxial  slowing  down 
transmision  line  with  comb  on  internal  and  external  cylinders  is  considered.  The  analytical 
and  numerical  analysis  of  the  received  dispersion  equation  is  carried  out.  The  dependence  of 
the  gain  on  energy  of  an  electron  beam  is  investigated.  It  is  shown,  that  the  dependence  of  the 
gain  on  frequency  has  a  maximum  nearby  Cherenkov  resonance  of  a  beam  with  an  eigen  wave 
of  structure,  outside  of  a  resonance  the  gain  falls  down  under  the  linear  law  at  reduction  of 
frequency.  The  nonlinear  theory  of  the  UHF  amplifier  is  constructed  on  the  basis  of  the  cho¬ 
sen  slowing  down  structure.  The  maximal  amplitude  of  a  longitudinal  electrical  field,  effi¬ 
ciency  of  interaction,  optimum  length  of  structure  are  determined. 


1.  INTRODUCTION 

To  begin  with  the  pioneer  work  by 
Pierce  [1],  a  study  of  the  travelling  wave 
tube  (TWT)  is  being  carried  out  during  sev¬ 
eral  decades.  Notwithstanding  the  great 
successes  in  design  and  construction  of  the 
TWT,  investigations  of  the  physical  proc¬ 
esses  which  take  place  there  are  still  in  pro¬ 
gress  to  date  [2]. 

Coaxial  slow-wave  lines  with  disks  on 
one  (or  both)  of  the  conductors  belong  to 
the  type  of  the  structures  that  permit  excita¬ 
tion  by  an  electron  beam  with  a  fixed  en¬ 
ergy  over  a  wide  frequency  range.  Such  cor¬ 
rugated  structures  [3]  -  and  the  helical  ones 
as  well  -  are  characterized  by  the  proper 
slow  wave  for  which  the  dispersion  law  is 
close  to  the  linear  function  and,  in  conse¬ 
quence  of  this,  the  coupling  resistance 
weakly  depends  on  the  frequency  in  the 
principal  pass  band.  Besides  the  mentioned 
advantage,  the  coaxial  slow-wave  structures 
make  it  possible  to  raise  the  electron  beam 
currents  essentially  because  the  cross- 
section  area  becomes  enlarged.  This  makes 
one  to  prefer  the  UHF  devices  based  on 
such  slow-wave  systems  to  other  ones 
where  the  beams  with  a  persistent  sectional 
density  are  used  (e.g.  a  chain  of  coupled 
cavities  [5]). 

Investigation  of  the  disk-loaded  coaxial 
lines  as  the  slow-wave  structures  for  the 


powerful  SHF  devices  in  the  microwave 
band  is  being  performed  for  a  long  time. 
The  dispersive  characteristics  are  rather 
completely  studied  both  theoretically  [6,7] 
and  experimentally  [8].  The  coupling  resis¬ 
tance  dependence  on  the  frequency  is  ex¬ 
amined  by  the  methods  of  numerical  simu¬ 
lation  in  the  case  of  a  given  structure  ge¬ 
ometry.  As  it  was  suppose-d  to  apply  the 
examined  structures  in  the  Cerenkov  SHF 
devices  with  a  low  electron  beam  energy 
(fV^  <8keV),  the  authors  of  [7]  have  in¬ 
vestigated  the  coupling  coefficient  depend¬ 
encies  only  for  the  first,  spatial  harmonic. 

It  should  be  mentioned  that  the  slow- 
wave  systems  in  question  can  be  used  not 
only  in  the  Cerenkov  devices,  but  also  in 
the  powerful  electron  devices  of  the  mag¬ 
netron  type  [9,10]. 

2.  LINEAR  ANALISIS 

The  disk-loaded  coaxial  line  in  ques¬ 
tion  is  schematically  demonstrated  in  Fig.  1. 
Cylindrically  symmetric  annular  monoener- 
getic  electron  beam  with  the  energy  Wf,  and 
the  current  f  is  propagating  along  the 

structure  axis.  Being  homogeneous  over  the 
cross-section,  the  beam  completely  fills  the 
passage  channel  and  it’s  placed  into  a 
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strong  magnetic  field,  which  allows  to  con¬ 
sider  its  motion  to  be  one  dimensional. 

Let’s  suppose,  that  disturbances  of  all  the 
quantities  which  are  contained  in  the  Max¬ 
well  equations  have  the  form 
~  exp(iy5oZ-/ru/)  where  co  is  the  angular 
frequency  and  is  the  longitudinal  wave 
number. 


Fig.  1.  The  slow-wave  structure  geometry. 


The  dispersion  equation  (DE), 
which  describes  the  electron  beam  interac¬ 
tion  with  the  slow  wave  of  the  coaxial  line 
in  the  linear  approximation  is  obtained  by 
the  method  of  the  partial  areas  [11,  3].  In 
result  of  applying  of  this  method  we  obtain 
unknown  DE: 


U  ^  ke^n,  iF^{k^,a,cj)  F^{k,a,b)\ 

[Djk.  k,„  F,{k^„,a,a)  F,{k,a,b) j 

U  ^  ke^„  2  F,(k^,(7,a)  F^{k,(y,p) 

""  F^(k^^,cT,a)  F^{k,cT,p) 

F^{k^,or,a) 

_  Q 

k±„  ""  F^{k^,a,a) 


(1) 


In  DE  (1)  the  following  meanings  are  used: 

F„  (.q,  X,  y)  =  J„  {q,  x)Y^  {q,  y)  -  Y„  {q,  x)J „  {q,  y). 


^3m  ~  ^  ■ 
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Se  is  the  beam  cross-section  area,  vq  is  the 
beam  velocity,  /^=17kA,  /n  =  0,±l,.... 


J„,  are  the  Bessel  and  Veber  functions 
of  the  order  « . 

The  results  of  the  DE  (1)  numerical 
simulation  are  given  in  Fig.  2.  The  structure 
parameters  are  6  =  5.3  cm ,  a  =  4.0cm , 
(T  =  3.5cm,  p  =  1.9cm,  D  =  0.7cm, 
fif  =  0.5cm ,  ^0=0.  The  electron  beam  en¬ 
ergy  is  W),  =  35keV  and  the  beam  current  is 
/,=10A. 


fGHz 

Fig.2 

In  Fig.  2  the  plots  are  represented  as 
the  dependencies  of  the  real  ReP^^  and 
imaginary  Imy^o  parts  of  the  longitudinal 
wave  number  on  the  frequency  /  =  co/Itt  . 
Within  the  frequency  interval 
/  =  0^5. 5 GHz  the  slow- wave  structure 
has  two  transmission  bands  in  the  first  LF 
band  /  =  0-^3. 6 GHz  dispersion  is  analo¬ 
gous  with  the  case  of  a  helical  slow-wave 
structure  [4,  2],  and  the  phase  velocity  is 
determined  over  the  LF  range  (13).  The 
second  transmission  band  is  that  of  high 
frequencies  (HP)  /  =  4.5-^5.5GHz.  In  the 
case  examined  by  us  for  the  LF  transmis¬ 
sion  band  the  cutoff  frequency  is  deter¬ 
mined  by  the  inner  slow-wave  structure 
where  the  disk  height  is  larger.  For  the  HF 
transmission  band  the  upper  cutoff  fre¬ 
quency  is  given  by  an  external  corrugating. 
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This  fact  should  be  taken  into  account  when 
a  thin  electron  beams,  which  don’t  fill  the 
passage  channel  completely,  are  used  for 
excitation  of  natural  oscillations  in  the 
structure.  The  beam  must  be  placed  tightly 
to  the  structure  that  determines  the  proper 
wave.  It  should  be  mentioned  that  both  the 
transmission  bands  simultaneously  exist 
only  in  the  case  of  the  slow- wave  line  with 
two  corrugatings.  If  just  one  slow- wave 
structure  is  provided  (either  the  external  or 
the  inner  one),  only  the  coaxial  wave  exists; 
its  upper  cutoff  frequency  is  given  by  the 
cavity  transverse  sizes.  The  dependence  of 
the  imaginary  part  of  the  longitudinal  wave 
number  Imy^o  on  the  frequency  is  also 
characterised  by  two  specific  bands.  Within 
the  interval  /  =  0  -i-  3  GHz  the  first  of  them 
sets  amplification  of  the  coaxial  slow  wave. 
The  amplification  coefficient  dependence 
on  the  frequency  is  maximum  in  vicinity  to 
the  beam  risonance  with  the  structure 
proper  wave;  it  linearly  decreases  towards 
he  range,  and.  it  abruptly  comes  to  an  end 
towards  the  HF  range.  The  second  maxi¬ 
mum  which  is  sharp  and  narrow,  is  given  by 
the  beam  resonance  with  the  structure 
proper  wave  which  belongs  to  the  next 
transmission  band.  The  group  velocity  of 
this  wave  is  essentially  less  than  the  group 
velocity  of  the  coaxial  slow  wave.  There¬ 
fore  here  the  maximum  amplification  coef¬ 
ficient  is  almost  in  3  times  higher  than  in 
the  first  band.  However,  the  resonance 
width  is  sufficiently  smaller  than  in  the  first 
band. 

fm(P^,  cm-' 


In  Fig.  3  the  dependences  of  the  maxi¬ 
mum  amplification  coefficient  Im  in  the 

first  transmission  band  are  given  as  the 
functions  of  the  electron  beam  energy.  The 
dependence  curve  has  a  sharp  maximum  in 
vicinity  to  the  electron  beam  energy 
« lOkeV ,  which  corresponds  to  the 
beam  resonance  with  the  ;r-mode  of  the 
structure  proper  wave.  Over  the  high  energy 
range  the  maximum  amplification  coeffi¬ 
cient  almost  linearly  decreases  with  the  en¬ 
ergy  increase.  The  dependence  depicted  in 
Fig.  3  qualitatively  coincides  with  the  de¬ 
pendence  Im/?o  on  the  frequency  in  the 

high  energy  range  when  the  beam  energy  is 
fixed,  (Fig.  2),  which  confirms  the  reso¬ 
nance  character  of  the  interaction  between, 
the  electron  beam  and  the  structure  proper 
waves  in  a  wide  frequency  band. 


3.  NONLINEAR  ANALISIS. 


Describing  the  nonlinear  stage  of  the 
interaction  between  the  electron  beam  and 
the  proper  waves  of  the  coaxial  slow-wave 
structure,  which  are  found  in  the  previous 
section,  let’s  use  the  nonlinear  stationary 
theory  [12]  (the  latter  is  applicable  for  cal¬ 
culations  of  the  TWT).  Let’s  neglect  the 
spatial  charge  because  the  electron  beam 
currents  are  light.  With  the  help  of  the  for¬ 
malism  [12]  one  gets  the  following  equation 
for  the  longitudinal  electric  field  amplitude 
overaged  over  the  electron  beam  cross- 
section: 

^  +  i(^,-A)£  =  AVX^..  (2) 

dz 


where  /q  =—  jexpi^cf^o ,  P^  =«/vo ,  Pa  is 
^  0 

the  longitudinal  wave  number  of  the  struc¬ 
ture  proper  wave  in  the  beam  absence,  is 

the  electron  beam  cross-section,  and  is 


the  coupling  resistance  at  the  zero  spatial 
harmonic  of  the  wave  with  which  the  beam 
interacts. 

The  coupling  resistance  is  determined 


as: 


\El„dS 
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where:  describe  the  m  - 

th  spatial  harmonic  of  the  electromagnetic 
field  transverse  distribution  in  the  beam  ab¬ 
sence. 

The  equation  for  the  longitudinal  elec¬ 
tric  field  must  be  supplemented  with  the 
equations  of  the  beam  particle  motion: 


dv(z) 

dz 
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Re(£e-'^ 


dz 
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Fig.4 

The  results  of  numerical  simulation  of 
the  set  of  equations  (3),  (4)  are  presented  in 
Fig.  4  and  5.  The  parameters  of  the  structure 
and  beam  are  the  same  as  in  the  case  of  the 
linear  theory  illustrated  in  Fig.  2.  The  lon¬ 
gitudinal  electric  field  dependence  given  in 
Fig.  4.  One  can  see  that  when  the  input  sig¬ 
nal  level  is  structure  op¬ 

timal  length  is  »  60cm  at  the  frequency 
/ « 2. 4 GHz.  Interaction  efficiency,  which 
is  defined  as  the  ratio  of  the  beam  energy 
losses  to  the  beam  initial  energy,  is  ap¬ 
proximately  equal  to  »  27% . 

In  Fig.  5  a  family  of  the  longitudinal 
electric  field  dependences  and  the  interac¬ 
tion  efficiency  on  the  distance  is  presented 
for  various  natural  frequencies 


/  =  1.9^  3.0GHz.  The  amplitude  first 
maximum  dependence  on  the  frequency 
corresponds  to  the  amplification  coefficient 
dependence  on  the  frequency  (Fig.  2).  Hire 
the  optimal  structure  length  weakly  varies 
on 

the  frequency  interval  within  the  limits 
60 75cm . 
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and  Technology  Center  of  Ukraine  (STCU), 
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The  principle  of  operation  of  Cherenkov  plasma  maser  (CPM)  makes  it 
possible  to  avoid  the  microwave  pulse  shortening,  which  is  inherent  to  vacuum 
devices  of  relativistic  high-current  microwave  electronics.  A  800-ns  microwave 
pulse  with  an  energy  of  21  J  was  obtained  at  a  peak  power  level  of  40  MW  (the 
efficiency  being  4%)  in  a  broad  (~  100%)  frequency  band. 


The  microwave  pulse  duration  in  oscillators  in  which  the  microwave  power  is  only 
several  tens  of  megawatts  is  about  several  hundreds  of  nanoseconds.  The  microwave  radiation 
terminates  and  does  not  resume  although  the  REB  still  propagates  through  the  electrodynamic 
system.  This  is  the  so-called  microwave  pulse  shortening,  which  is  governed  by  spontaneous 
plasma  generation  in  different  regions  of  the  oscillator  due  to  different  reasons.  The  majority 
of  these  reasons  may  be  eliminated,  e.g,  the  method  of  production  of  a  high-current  REB  with 
stable  cross  section  during  a  microsecond  from  a  field-emission  cathode  [1]  is  discussed  at  this 
conference.  We  proposed  the  mechanism  [2]  of  pulse  shortening,  which  may  be  briefly  de¬ 
scribed  as  follows.  First,  powerful  microwaves  cause  the  electrons  to  emerge  from  a  REB 
onto  the  SWS  walls,  and  these  electrons  produce  plasma  on  the  wall  surface.  Second,  the  mi¬ 
crowave  field  heats  the  plasma  near  the  wall  and  initiates  the  discharge  followed  by  a  fast  ac¬ 
cumulation  of  the  plasma. 

In  the  first  stage,  the  rate  with  which  the  plasma  is  generated  is  governed  by  the  inten¬ 
sity  of  the  electron  flow  onto  the  wall  that,  in  turn,  depends  on  the  gap  between  the  REB  and 
the  wall.  It  is  desirable  to  make  this  gap  as  large  as  possible  in  order  to  prevent  plasma  crea¬ 
tion,  but  there  is  one  serious  obstacle:  the  limiting  vacuum  current.  Especially  strong  restric¬ 
tions  are  imposed  by  the  space  charge  on  the  gyrotrons  and  similar  devices  in  which  the  trans¬ 
verse  velocities  of  electrons  are  significant.  A  different  restriction  is  imposed  on  Cherenkov 
devices  (such  as  BWOs  and  TWTs):  the  REB  must  propagate  near  the  wall,  because  it  inter¬ 
acts  with  a  slow  microwave  mode  that  drops  exponentially  from  the  wall  toward  the  axis. 

If  the  radial  component  Er  of  the  microwave  electric  field  is  nonzero  near  the  wall, 
then  the  second  stage  of  pulse  shortening  may  occur,  during  which  the  plasma  is  further  in¬ 
creased  by  the  microwave  discharge.  This  stage  is  especially  dangerous  for  devices  with  cor¬ 
rugated  walls  (such  as  BWOs  and  TWTs),  in  which  the  discharge  develops  between  the  rip¬ 
ples  of  the  wall  surface  along  the  magnetic  field  lines. 

Hence,  the  above  conditions,  e  g.,  a  sufficiently  small  gap  between  the  REB  and  strong 
microwaves  on  the  wall,  are  peculiar  to  all  devices  of  vacuum  high-current  microwave  elec¬ 
tronics.  At  the  same  time,  according  to  the  above  mechanism  for  plasma  creation,  these  con¬ 
ditions  contradict  the  requirement  that  the  microwave  generation  be  long-term.  Nevertheless, 
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there  exists  a  high-current  microwave  device  that  is  free  of  these  drawbacks:  the  plasma  rela¬ 
tivistic  microwave  oscillator  [3],  or  CPM.  The  oscillator  is  based  on  Cherenkov  excitation  of  a 
slow  eigenmode  of  a  plasma  waveguide.  The  plasma  wave  with  both  phase  and  group  veloci¬ 
ties  along  the  electron  beam  direction  is  amplified,  a  partial  reflection  from  the  ends  of  the 
plasma  waveguide  provide  the  feedback  and  the  regime  of  self-oscillations. 

In  the  present  work,  we  make  use  of  the  advantages  of  plasma  electronics  and  propose 
a  new  approach  to  the  problem  of  microwave  generation  in  the  microsecond  range. 

EXPERIMENT 

Fig.  1  shows  a  drawing  of  the  device.  An  an¬ 
nular  REB  propagates  through  the  diaphragm 
to  the  collector  inside  the  prearranged  annular¬ 
shaped  plasma.  The  collector  unit  also  plays  the 
role  of  the  inner  electrode  of  the  outlet  coaxial 
horn  through  which  the  microwaves  are  emit- 
\  <:;^5*-Collcctor  tsd.  The  collector  for  both  plasma  and  the 

beam  is  concealed  in  a  metal  sleeve  that  pre¬ 
vents  the  penetration  of  the  plasma  into  the 
waveguide.  The  beam  radius  Rb  =  6  mm,  the 
plasma  radius  Rp  =  1 3  mm,  and  the  waveguide 
radius  Rw  =  35  mm.  The  length  of  the  interac¬ 
tion  region  is  23  cm,  and  the  distance  between 
Fig.  1.  Plasma  microwave  oscillator.  the  collector  and  the  entrance  plane  of  the 

metal  sleeve  is  25  cm. 

The  value  of  the  magnetic  field  was  1 .7  T.  The  microwave  peak  power  was  about  40  MW  with 
a  beam  current  of  2  kA  and  an  electron  energy  of  500  keV.  This  current  was  approximately 
equal  to  the  vacuum  limiting  current  in  the  drift  tube. 

If  the  plasma  density  is  sufficient  (lO'^  -rlO'^  cm'^)  to  neutralize  the  space  charge  of  the 
REB,  the  electron  beam  may  propagate  far  from  the  waveguide  walls.  The  radial  profile  of  the 
absolute  value  of  microwave  field  Er  is  presented  in  Fig.  2  We  can  see  that  this  field  rapidly 
decreases  as  the  radius  increases  from  Rp  to  Rw  and  remains  comparatively  low  in  the  near-the- 

wall  region  in  which  a  plasma  layer  may 
arise.  In  the  plasma  column,  the  magnitude 
of  the  longitudinal  component  of  the 
microwave  electric  field  is  maximum 
(hence,  in  order  that  both  plasma  and  REB 
could  interact  effectively,  they  should  be 
close  to  each  other),  but  the  distance  be¬ 
tween  the  REB  and  the  waveguide  walls 
may  be  large. 

Along  with  these  merits,  the  CPM, 
being  compared  with  a  vacuum  device,  has 
a  number  of  drawbacks.  First,  the  REB 
Fig.  2.  IeJ  vs  radius  in  CPM.  electrostatic  field,  which  prevented  the 
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electron  emission  from  the  wall  in  the  microwave  fields,  is  screened  now  by  the  plasma  and  is 
absent  near  the  wall.  Second,  an  electrode  is  placed  inside  the  waveguide.  Although  the  col¬ 
lector  plasma  is  concealed  inside  the  metal  sleeve,  the  microwave  field  on  its  surface  and  espe¬ 
cially  at  its  edge  is  strong  (see  Fig.  2)  and  may  initiate  a  discharge. 

The  spectrum  of  microwaves  was  measured  by  a  calorimetric  spectrometer.  The  spec¬ 
trum  width  is  about  100%,  and  the  mean  frequency  grows  from  9  GFiz  to  15  GHz  as  the 
plasma  density  increases.  The  waveforms  of  the  cathode  voltage  and  of  the  microwave  pulse 
are  shown  in  Fig.3.  Microwaves  are  emitted  over  800  ns,  and  the  radiation  does  not  terminate 
abruptly,  as  it  usually  does  in  the  case  of  microwave  breakdown.  The  radiation  pulse  energy 

was  measured  with  a  broadband  calo¬ 
rimeter  [4]  and,  in  the  shot  under  consid¬ 
eration,  was  found  to  be  21  J,  which 
value  corresponds  to  the  average  micro- 
wave  power  ~  25  MW  (and,  accordingly, 
the  peak  power  ~  40  MW)  and  the  peak 
efficiency  4%.  Although  the  microwave 
pulse  shortening  and  an  abrupt  termina¬ 
tion  of  the  microwave  radiation  are  ab¬ 
sent  in  Fig.  3,  the  shape  of  the  micro- 
wave  pulse  is  far  from  rectangular;  the 
microwave  power  increases  during 
300  ns,  remains  constant  for  about 
300  ns,  and,  then,  decreases  during 
200  ns.  Such  a  behavior  of  the  micro- 
Fig.  3.  Waveforms  of  the  microwave  power  wave  generation  may  be  attributed  to 
(top)  and  of  the  cathode  voltage(bottom).  different  reasons. 

The  first  reason  stems  specifically  from  the  method  by  which  an  annular-shaped  plasma 
was  produced  [5].  This  plasma  was  generated  by  a  special  (600  eV,  1  100  A)  electron  beam 

in  xenon  at  a  pressure  of  about  lO'VlO'^  Torr.  Over  almost  1  ps,  the  REB  ionized  xenon  gas 
and,  then,  interacted  effectively  with  the  produced  plasma  because  of  a  strong  coupling  of  the 
plasma  to  the  REB.  Nevertheless,  when  the  plasma  gun  was  turned  off,  no  microwaves  were 
radiated  if  the  pressure  was  3-10'‘*  Torr.  With  the  plasma  gun  switched  on,  microwaves  again 
appeared. 

Another  reason  explaining  why  the  trailing  edge  of  the  microwave  pulse  was  compara¬ 
tively  steep  (200  ns)  is  the  influence  of  the  collector  plasma,  whose  velocity  Wcp  may  be  as  high 
as  1  m/ps  (in  [6]  one  can  find  an  experimental  dependence  of  Wcp  on  the  cathode  potential;  it  is 
linear,  and  Wcp  =  40  cm/ps  for  200  kV  and  ?4p  =  80  cm/ps  for  300  kV),  Even  if  the  plasma 
moves  at  a  velocity  equal  to  only  one  half  of  this  1  m/ps,  it  has  enough  time  to  pass  through¬ 
out  the  metal  sleeve  from  the  collector  to  the  SWS  during  the  first  500  ns  and  to  begin  to  vio¬ 
late  the  operation  of  the  microwave  oscillator. 

Finally,  the  operation  efficiency  of  the  CPM  depends  on  the  beam  parameters,  namely, 
the  electron  energy  and  the  total  current.  In  the  course  of  microwave  pulse,  the  diode  voltage 
varied  from  about  300  kV  to  500  kV,  with  the  corresponding  variation  (by  a  factor  of  about 
two)  of  the  beam  current,  which  began  and  terminated  when  the  voltage  had  approximately 
the  same  value. 
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CONCLUSION 


In  a  high-current  microwave  oscillator  driven  by  a  REB,  pulse  shortening  of  microwave 
radiation  is  determined  by  the  process  of  plasma  formation  in  the  device.  Although  there  are 
many  factors  leading  to  the  undesirable  plasma  formation,  most  of  them  can  be  successfully 
eliminated.  Nevertheless,  in  a  vacuum  high-current  microwave  device,  in  which  a  REB  propa¬ 
gates  near  the  SWS  surface  because  of  its  significant  space  charge,  there  is  one  mechanism  for 
intense  plasma  accumulation  that  is  difficult  to  overcome. 

The  proposed  model  of  microwave  pulse  shortening  is  as  follows.  First,  a  strong  mi¬ 
crowave  field  causes  the  destruction  of  a  REB,  and  a  certain  fraction  of  the  beam  electrons  are 
ejected  to  the  wall  under  the  action  of  this  field.  The  electron  bombardment  results  in  the  for¬ 
mation  of  a  plasma  layer  on  the  wall  surface.  Then,  a  microwave  discharge  develops,  and  the 
amount  of  plasma  increases  until  the  process  of  microwave  radiation  comes  to  an  end. 

In  order  to  avoid  microwave  pulse  shortening,  we  propose  to  use  plasma  microwave 
oscillators.  In  these  devices,  the  space  charge  of  an  electron  beam  is  neutralized  by  that  of  the 
plasma,  so  that  the  REB  may  propagate  far  from  the  waveguide  surface.  Besides,  the  micro- 
wave  field  on  the  wall  is  low,  and  the  probability  for  the  development  of  a  microwave  dis¬ 
charge  on  the  wall  is  also  low.  Additionally,  all  the  available  means  must  be  engaged  to  elimi¬ 
nate  the  influence  of  the  plasma  on  the  collector,  cathode,  etc.  over  the  entire  device. 

The  above  experiments  with  a  plasma  microwave  oscillator  permitted  us  to  generate 
microwave  pulses  with  energy  21  J  during  800  ns  in  a  broad  frequency  band.  The  theory  of 
CPM  predicts  that  microwaves  can  also  be  generated  in  a  narrow  frequency  band.  In  the  first 
experiment  with  a  plasma  relativistic  microwave  amplifier  [7]  (which  has  the  wave  structure 
like  in  the  CPM)  the  radiation  spectra  with  the  bandwidth  of  2%  was  obtained,  the  results  of 
our  tentative  experiments  with  the  CPM  (the  bandwidth  of  ~  1 0%  )  and  numerical  simulations 
show  that  the  design  of  a  narrow-band  plasma  relativistic  microwave  oscillator  is  also  possible. 

Therefore,  our  experiments  demonstrated  that  the  features  of  the  Cherenkov  plasma 
maser  enable  to  eliminate  the  effect  of  microwave  pulse  shortening,  and  we  think  that  this  re¬ 
sult  is  very  encouraging. 
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ABSTRACT 

Problems  of  magnetic  insulation  violation  inside  a  vacuum  coaxial  diode  with  dense 
electron  flow  axe  considered  from  the  point  of  view  of  the  development  as  low-voltage  as 
high-efficiency  relativistic  magnetrons  with  secondary  emission  cathode.  The  numerical 
model  of  nonstationary  nonuniform  secondary  electron  emission  from  a  cathode  was  devel¬ 
oped.  The  results  of  computer  simulations  of  an  electron  clouds  formation  due  to  nonlinear 
azimuthal  instabihty  under  the  condition  of  strong  nonuniform  secondary  self-sustaining 
emission  are  described.  The  existence  of  BKB-instabihty  with  transverse  quasistationary 
leakage  current  of  a  few  percents  of  Child-Langmuir  current  and  rotating  states  of  electron 
flow  has  been  shown  under  conditions  of  conservation  of  full  power  and  full  momentum 
of  the  system.  The  transverse  leakage  current  drops  sharply  when  Boj Bcr  >  1*3  and  lon¬ 
gitudinal  leakage  current  prevails.  It  is  emphasised  the  dominant  influence  of  a  feedback 
due  to  nonuniform  secondary  emission  on  dynamics  of  electron  beam  modulation  and  on 
arising  of  a  transverse  leakage  current  to  the  anode  across  the  external  magnetic  field. 
The  instability  arises  due  to  an  energy  and  a  momentum  exchange  between  particles  and 
rotating  crossed  E  x  R-fields.  The  BKB-instabihty  exists  as  in  potential  as  electromag¬ 
netic  approximations.  2.5D-simulations  have  been  performed  in  the  range  of  magnetic 
insulation  Bo/Bcr  <  1-3  for  the  coaxial  gun  with  parameters  close  to  experimental  one 
and  for  the  guns  with  different  types  of  azimuthal  inhomogeneites.  3D-simulations  are  in 
progress. 


INTRODUCTION 

Well  known,  many  high-power  magnetrons  employed  high-current  density  electron 
emission  from  the  primary  low  emission  cathode  due  to  the  back-bombardment  (BKB) 
secondary  emission  [1],  [2],  [3].  Comparison  experiments  [3]  have  demonstrated  clearly 
that  the  secondaxy  emission  is  produced  by  the  BKB-instabihty  at  pre-cathode  electron 
layer  [4]. 

This  paper  reportes  on  computer  simulations  of  an  electron  cloud  formation  inside 
a  smooth-bore  magnetron.  Prehminary  results  were  pubhshed  in  [5],  [6].  The  main 
calculations  of  the  beam  dynamics  were  carried  out  with  PIC-code  KARAT  [7]. 


•  Work  supported  by  RFFI  under  grant  96-02-19215a 
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COMPUTER  SIMULATION  OF  BACK-BOMBARDMENT  INSTABILITY 


Computer  simulations  have  been  performed  using  2.5-D  electromagnetic  PIC  code 
KARAT  for  the  magnetron  diode  (MD)  with  parameters  close  to  experimental  [3],  and 
with  an  external  voltage  source  Vo(^)  connected  to  MD  via  an  RL-circuit.  The  yield  of 
secondary  electrons  from  the  cathode  takes  into  account  the  dependence  of  the  yield  on 
the  energy  of  electrons  and  the  angle  between  the  direction  of  electron  velocity  and  the 
perpendicular  to  the  cathode  surface,  and  also  the  threshold  of  secondary  emission. 

The  main  parameters  of  MD  are:  radius  of  the  anode  ta  -  0.53  cm,  radius  of  the 
cathode  tk  —  0.33  cm;  external  longitudinal  magnetic  field  Bq  —  2.5  kG  {Bq/Bct  —  1-15, 
a;ec/27r  =  7  GHz,  period  of  cyclotron  rotation  0.14  ns);  the  voltage  rise  time  to  maximum 
value  of  Vom  =  12  kV  is  2  ns;  maximum  emission  current  of  the  primary  beam  lem  =  2 
A.  For  given  voltage  and  geometry  of  MD  the  Child-Langmuir  current  through  the  MD 
without  a  magnetic  field  equals  approximately  Icl  —  200  A  (here  and  below  currents  and 
charge  densities  correspond  to  linear  values  per  cm  of  length  in  the  longitudinal  direction). 
Electrotechnical  parameters  are  tl/r  =  0.25  ns,  trc  =  0.24  ns,  where  C  is  the  capacitance 
of  MD.  Drift  velocity  of  electrons  in  crossed  fields  is  v^e  —  cEofBo  =  2.4x10^  cm/s,  if  the 
electric  field  is  estimated  as  VAKidAK- 

Fig.  1  shows  dynamics  of  store  of  primary  N^o  and  secondary  electrons  and  time 


Fig.  1:  Dynamics  of  store  of  primary  Neo  and  secondary  Nes  electrons  and  time  behaviour 
of  secondary  emission  current  Ba  (left)  and  time  behaviour  of  leakage  current  Ba  and 
back-bombardment  current  Bk  (right). 

behaviour  of  secondary  emission  current  Ba-  The  time  behaviour  of  leakage  current  Ba 
and  back-bombardment  current  Bk  are  shown  at  the  same  figure. 

Fig.  2  shows  configurations  of  electron  flows  for  various  variants  of  emission  of  primary 
and  secondary  electrons  at  t  =  10  ns.  Under  conditions  of  conservation  of  full  energy 
and  momentum  a  part  of  the  electrons  lose  energy  under  the  action  of  the  field  and  drifts 
to  larger  radii  towards  the  anode.  Another  part  of  the  electrons  increases  its  energy 
and  returns  to  the  cathode  with  an  energy  exceeding  the  threshold  value  for  secondary 
emission.  In  view  of  indicated  reasons,  the  emission  of  secondary  electrons  is  nonuniform. 
This  effect  leads  to  an  intensification  of  the  cathode  back-bombardment  process  and  to  fast 
and  effective  growth  of  secondary  electrons  inside  MD.  The  secondairy-emission  current 
exceeds  the  primary-beam  current  by  more  then  order  of  magnitude  and  subsequently 
exerts  a  determining  action  on  the  operation  of  the  MD.  The  MD  passes  over  to  a  condition 
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Fig.  2:  Configurations  of  electron  flows  inside  MD  at  t  =  10  ns:  left  —  a  uniform  emission 
of  primary  beam  of  2  A  from  a  secondary  emission  cathode;  central  —  a  uniform  emission 
of  primary  beam  of  2  A  from  a  cathode  having  a  20°  strip  with  no  emission  of  secondly 
electrons;  right  —  emission  of  primary  beam  of  2  A  from  a  30°  strip  at  the  cathode  having 
a  60°  strip  with  no  emission  of  secondary  electrons. 

of  self-sustaining  emission  and  the  primary  beam  could  be  switched  off.  After  the  transient 
process,  a  stable  formation  consisting  of  three  main  bunches  is  formed  in  this  geometry. 
Electron  clouds  rotate  as  a  whole  with  approximately  constant  angular  frequency  Q,  ~ 
27r  X  10^  s~^. 

The  nonuniformity  of  various  types  leads  to  the  following  main  effects:  broadening 
of  the  functions  of  distribution  of  electrons  at  the  anode  on  energy  and  angle  of  incidence; 
formation  of  flows  with  non-regular  azimuthal  structure;  change  of  the  spectrum  of  field 
frequencies.  However,  integral  characteristics  of  flow  (total  charge  in  the  gap,  leakage 
current  of  electrons  at  the  anode)  practically  do  not  change,  i.e.,  the  system  is  stable 
relative  to  the  initial  conditions.  Therefore,  the  main  results  are  described  for  the  case  of 
homogeneous  emission  of  primary  beam  from  secondary  emission  cathode  surface  of  an 
axisymmetrical  MD. 

In  Fig.  3,  the  energy  distributions  of  electrons  reaching  the  anode  (feA)  returning 


Fig.  3:  Distribution  functions  of  electrons  for  energy  at  the  anode  and  the  cathode  (left) 
and  time  behaviour  of  radial  electric  field  Er  near  the  emission  surface  (right). 

back  to  the  cathode  (f^K)  are  presented.  The  average  energy  of  electrons  reaching  the 
anode  equals  WeA  =  7.4  keV  and  at  the  cathode  the  average  energy  WeK  =  0.44  keV. 
Thus,  for  the  given  conditions  tjbkb  =  {gVak  —  WeA)l^yAK  =  34%  for  power  of  back- 


bombardment  flow  PeK  ~  15  kW  and  power  of  beam  reaching  the  anode  P^a  —  30  kW. 
The  radial  electric  field  Er  near  the  emission  surface  (see  Fig.  3)  changes  quasi-periodically 
its  direction  in  time  and  provides  for  a  feedback  on  deep  electron  beam  modulation  and 
on  arising  of  a  leakage  current. 

Fourier-spectra  of  the  field  shows  the  presence  of  several  high  harmonics  of  the  main 
frequency  of  ”BKB-noises”  equals  approximately  /q  ~  0.5  x  f^e-  The  most  irregular 
frequency  spectrum  is  observed  for  noncoaxial  MD  (see  Fig.  4  ). 
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Fig.  4:  Fourier-spectra  of  electrical  field  inside  coaxial  and  noncoaxial  MD 

CONCLUSION 


The  selfconsistent  picture  of  an  electron  flow  formation  inside  secondary  emission 
MD  has  been  described.  The  existence  of  BKB-inst ability  with  transverse  quasistationary 
leakage  current  of  a  few  percents  of  Child-Langmuir  current  and  rotating  states  of  electron 
flow  has  been  shown. 

Both  full  energy  and  momentum  of  the  system  are  conservated  as  following:  a  part 
of  the  electrons  lose  energy  under  the  action  of  the  field  and  drifts  to  larger  radii  towards 
the  anode,  another  part  of  the  electrons  increases  its  energy  and  returns  to  the  cathode 
with  an  energy  exceeding  the  threshold  value  for  secondary  emission. 

Under  condition  of  weak  magnetic  insulation  (Bq/Bct  ~  1.1)  the  BKB-instability 
goes  to  large  amplitudes.  When  Bof  B^r  >  1-3  a  longitudinal  leakage  current  prevails  and 
the  BKB-instabihty  develops  in  pre-cathode  layer. 
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ABSTRACT 

High-power  broadband  millimeter-wave  radiation  is  emitted  from  a  plasma  in  a  strong 
Langmuir  turbulence  state  driven  by  an  intense  relativistic  electron  beam  (1.4  Me V,  10  KA,  and 
30  ns).  In  order  to  ascertain  that  the  radiation  is  due  to  interaction  of  modulated  beam  with  cavi- 
ton  fields,  the  radiation  and  the  beam  modulation  were  measured  with  two  spectrometers  cover¬ 
ing  18  to  140  GHz.  The  radiation  spectrum  had  nearly  flat  spectrum  up  to  about  40  GHz  and 
declined  steeply  above  it  The  beam  modulation  is  measured  by  two  methods:  observation  of 
spectrum  of  waves  excited  in  a  waveguide  pickup  and  observation  of  spectrum  of  synchrotron 
radiation.  Both  spectra  were  similar  to  the  radiation  spectrum.  Discussion  is  given  on  the  ex¬ 
perimental  results  in  connection  with  the  collective  Compton  boosting  model. 

1 .  INTRODUCTION 

Broadband  electromagnetic-wave  radiation  is  one  of  interesting  phenomena  in  IREB- 
plasma  interaction  experiments  [1-3].  The  radiation  has  a  broadband  spectrum  above  the  plasma 
frequency  and  disappears  just  after  the  electron  beam  passes  through  the  plasma  [1,  3].  For  the 
broadband  radiation,  the  plasma  must  be  in  a  strong  Langmuir  turbulence  state  [4],  in  which 
creation,  collapse,  and  burnout  of  cavitons  are  repeated  [5].  Weatherall  [6]  showed  that  the 
spectrum  of  radiation  emitted  by  a  single  electron  interacting  with  caviton  fields  is  broad  up  to 
the  frequency  corresponding  to  its  passage  time  ttirough  a  caviton.  Benford  and  Weatherall  [7, 
8]  proposed  the  collective  Compton  boosting  model  in  which  beam  density  fluctuation  is  taken 
into  account  in  order  to  explain  high-power  of  the  radiation.  In  this  model  the  radiation  spec¬ 
trum  should  depend  on  the  beam  density  fluctuation. 

To  investigate  the  relation  between  radiation  and  beam  modulation,  we  measured  the  ra¬ 
diation  and  beam  modulation  spectra.  For  determination  of  the  A:-spectrum  of  the  beam  modula¬ 
tion,  we  adopted  two  methods.  One  is  to  use  a  waveguide  pickup  using  WR-42,  and  the  other 
is  to  utilized  synchrotron  radiation.  The  measured  co-spectrum  of  the  beam  modulation  was 
compared  with  the  radiation  spectrum.  Also  it  was  transformed  to  the  k-spectrum  using  the  re¬ 
lation  CO  =  kv^,  where  v^^is  the  beam  velocity,  from  which  we  estimated  the  spatial  beam  distri¬ 
bution.  We  discuss  these  results  in  connection  with  the  collective  Compton  boosting  model. 
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2.  EXPERIMENTAL  SETUP 


Major  components  of  the  system  were  a 
modified  Pulserad  1  lOA  electron  beam  genera¬ 
tor  (1.4  MV,  27  kA,  30  ns)  produced  by  Phys¬ 
ics  International,  a  drift  chamber,  and  a  plasma 
gun  system.  A  diode  of  the  beam  generator 
consisted  of  a  carbon  cathode  of  36  mm  diame¬ 
ter  and  a  titanium  foil  anode  of  20  pm  thick. 
The  beam  current  injected  into  the  drift  chamber 
was  around  10  kA  with  the  anode-cathode  dis¬ 
tance  of  30  mm.  The  stainless  steel  drift  cham¬ 
ber  had  two  observation  ports  at  175  mm 
downstream  from  the  anode.  An  electromag¬ 
netic-wave  absorber,  Eccosorb  AN73,  was  put 
on  the  inner  wall  of  the  chamber.  The  chamber 


Horn  antenna 


Vacuum  pump 


Figure  1.  Experimental  setup  for  the  obser¬ 
vation  of  the  radiation. 


was  evacuated  to  the  pressure  less  than  5  x  10  “’  torr.  A  pair  of  rail-type  plasma  gun  were  in¬ 
stalled  opposite  to  each  other  at  100  mm  downstream  from  the  anode.  The  plasma  density, 

at  the  observation  ports  was  determined  with  a  microwave  interferometer  and  a  triple  probe. 
The  density  became  maximum  at  t=  12  ps  and  then  decreased,  where  r  is  the  delay  time  after 
the  gun  firing. 

We  prepared  a  three-channel  filter-bank  spectrometer  for  18  GHz  -  60  GHz  and  a  three- 
channel  filter-waveguide-combination  spectrometer  for  73  GHz  -  140  GHz.  The  filter-bank 


spectrometer  was  consisted  of  directional  couplers,  variable  attenuators,  bandpass  filters 


(BPFs),  and  detectors.  The  combination  spectrometer  included 
BPFs,  variable  attenuators,  detectors,  and  wide-band  amplifi¬ 
ers.  Three  filter  units  were  prepared  to  change  the  observ'ation 
frequency  and  bandwidth.  These  spectrometers  were  calibrated 
by  Gunn  oscillators. 

The  experimental  setup  for  observation  of  the  radiation 
spectrum  is  shown  in  Fig.  1 .  Horn  antennas  were  attached  in  the 
observation  ports.  For  measurement  of  the  beam  modulation  the 
waveguide  pickup  illustrated  in  Figure  2  was  devised.  When  the 
modulated  beam  passes  across  the  waveguide  through  holes,  it 
excites  electromagnetic  waves  which  couple  with  waveguide 
modes.  We  calculated  the  frequency  response  of  this  pickup  for 
TE__g  modes  using  Lorentz  reciprocity  theorem  to  correct  the 
spectra  obtained  from  the  modulated  beam.  The  pickup  was 
placed  at  175  mm  downstream  from  the  anode  and  the  centers  of 
the  holes  were  adjusted  to  lie  on  the  chamber  axis. 

Figure  3  shows  the  set  up  for  the  beam  modulation  meas¬ 
urement  utilizing  synchrotron  radiation.  An  additional  vacuum 
chamber  was  attached  at  the  end  of  the  chamber  which  discussed 
above.  A  titanium  foil  of  20  mm  thickness  was  put  at  600  mm 


downstream  from  the  anode  to  prevent  intmsion  of  the  plasma  2  Waveguide  pickup 

and  the  radiation  into  this  additional  chamber.  Bending  magnets 


and  horn  antenna  were  set  at  600  mm  and  680  mm  downstream  from  the  anode,  respectively. 
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Figure  3.  Experimental  set  up  for  the  beam  modulation  measurement 
by  synchrotron  radiation. 


3.  RESULTS  AND  DISCUSSIONS 


Figure  4  shows  the  radiation  spectrum  at 
T  =  30  ps  which  corresponds  to  the  plasma 
frequency  of  about  16  GHz.  It  has  nearly  flat 
part  up  to  about  40  GHz  and  declines  steeply 
with  about  40  dB/Oct  at  the  higher  frequency 
side.  Figure  5  shows  the  measured  frequency 
spectrum  of  the  beam  modulation  at  t=  30  ps. 
The  power  in  U-band  disappeared  because,  in 
this  experiment,  the  lowest  detection  limit  of 
the  detector  for  the  frequency  range  of  18  -  60 
GHz  was  rather  high.  Figpre  6  shows  the 
synchrotron  radiation  spectrum.  The  obtained 


Figure  4.  Radiation  spectrum 


spectrum  was  compensated  by  the  spectrum 

of  synchrotron  radiation  by  an  electron.  The  spectra  are  also  nearly  flat  up  to  40  GHz  and  de¬ 


cline  steeply  above  this  frequency. 

From  these  co-spectra  we  obtain  directly  the  ^-spectrum  of  the  beam  modulation  under  the 
assumption  of  constant  beam  velocity.  On  the  other  hand  the  radiation  spectrum  is  expressed  as 


Figure  5.  Modulation  spectrum  measured 
by  waveguide  pickup. 


Figure  6.  Modulation  spectrum  measured 
by  synchrotron  radiation. 
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the  product  of  the  radiation  spectrum  from  single  electron  and  the  spectrum  of  the  beam  modu¬ 
lation.  Since  the  radiation  spectrum  from  a  single  electron  in  our  observation  range  is  estimated 
to  be  flat,  we  could  compare  directly  both  spectra.  So  we  think  that  the  A:-spectrum  of  the  beam 
modulation  determines  the  radiation  spectrum. 

We  tried  to  use  the  collective  Compton  boosting  model  in  order  to  explain  the  observed 
spectra  under  the  assumption  that  the  caviton’s  dipole  moments  are  parallel  to  the  beam  veloc¬ 
ity.  In  this  model  following  four  spectral  density  functions  are  assumed  for  the  fluctuation  of 
the  beam  density:  power  law,  delta  function,  exponential,  and  Gaussian.  We  calculated  spectra 
using  each  spectral  functions  with  our  exf)erimental  parameters.  The  calculated  spectrum  using 
the  Gaussian  spectral  function  was  similar  to  the  measured  spectrum  in  shape  but  the  cutoff  fre¬ 
quency  of  the  latter  was  much  less  than  the  former.  This  difference  comes  from  the  difference 
in  the  spectral  bandwidth  in  the  spectral  density  function.  In  this  model  [7]  this  bandwidth  is 
defined  =  f/D,  where  y  is  Lorentz  factor,  the  characteristic  length  of  caviton  D=  20  A^, 

and  Aj  is  the  Debye  length.  From  this  definition  the  cutoff  frequency  of  the  calculated  spec¬ 
trum  becomes  approximately  several  THz.  On  the  other  hand,  the  cutoff  frequency  of  our  ex¬ 
perimental  spectrum  was  several  tens  GHz.  To  estimate  this  bandwidth  from  the  experimentally 
obtained  spectrum,  we  fitted  the  spectrum  to  Gaussian  and  calculated  the  symmetric  spatial 
beam  distribution  of  Gaussian  shape.  The  width  of  the  spatial  beam  distribution  was  estimated 
to  be  5  mm. 


4.  CONCLUDING  REMARKS 

To  investigate  the  effect  of  the  beam  modulation  on  the  radiation,  the  radiation  and  the 
beam  modulation  were  measured  with  two  spectrometers  covering  18  to  140  GHz.  The  ob¬ 
tained  radiation  spectrum  had  nearly  flat  spectrum  up  to  about  40  GHz  and  declined  steeply 
above  it.  In  order  to  measure  the  beam  modulation  a  waveguide  pickup  was  devised  and  syn¬ 
chrotron  radiation  was  utilized.  Spectra  obtained  by  both  methods  agreed  fairly  well  and  were 
similar  to  the  radiation  spectrum.  From  observed  spectra,  we  estimated  the  spatial  beam  distri¬ 
bution  as  Gaussian  using  o)  =  kv^  and  its  width  as  to  be  5  mm.  We  do  not  know  yet  the 
mechanism  of  this  beam  bunching. 

The  authors  would  like  to  thank  K.  Natsume  for  his  assistance  in  the  experiments. 
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High-power  microwave  sources  are  necessary  for  a  number  of  important  physical  or 
technical  applications,  such  as  investigations  on  interaction  of  powerfiil  electromagnetic 
radiation  with  plasma,  acceleration  of  charged  particles,  time  compression  of  electromagnetic 
pulses,  energy  transmission  through  space,  radaring.  Parameters  of  these  sources  should  be  as 
follows:  output  power  10-100  MW  at  pulse  duration  of  10  or  more  microseconds,  operation 
both  in  the  single-pulse  regime  and  at  the  repetition  rate  of  several  kilohertz.  The  necessary 
power  level  has  been  achieved  and  used  in  high-current  relativistic  electronics  for  quite  a  long 
time.  However,  generation  of  multi-microsecond  pulses  of  radiation  in  systems  with  field- 
emission  cathodes  seems  problematic  due  to  spatio-temporal  instability  of  electron  beams. 

The  solution  of  this  problem  is  quite  realisable  by  the  use  of  classical  thermionic 
cathodes.  For  this  purpose,  we  developed  a  three-electrode  electron-optic  system  of  the 
magnetron-injection  type  with  a  Strong  magnetic  guide,  which  formed  a  tubular  flow  of 
electrons  20  mm  in  diameter  with  energy  of  350  keV,  current  of  400  A  at  pulse  duration  of 
10  ps.  Optimisation  of  geometry  for  the  gun  electrodes  was  carried  out  by  means  of  con:q)uter 
simulation  with  the  code  “EPOS”  [1].  Configuration  of  gun  electrodes  is  shown  in  Fig.  l,a. 
The  presence  of  an  intermediate  electrode  makes  it  possible  to  change  the  beam  current 
smoothly  (to  decrease  it  to  about  the  order  of  maximum  value),  while  the  gun  stays  in  the 
space-charge  limitation  regime.  It  permits  us  to  minimize  the  influence  of  spotted  emission  on 
the  parameters  of  the  formed  electron  beam.  Depending  on  the  value  of  the  cathode  magnetic 
field,  and  on  the  first-anode  voltage,  this  gim  can  form  both  a  helical  (for  gyroresonance 
devices)  and  a  rectilinear  (for  the  Cherenkov  and  ubitron  types  of  devices)  electron  beam.  The 
main  parameters  of  this  gun  are  shown  in  the  Table  1 . 

The  mean  value  and  spread  of  longitudinal  velocities  (at  the  rectUinear-beam  formation) 
were  measured  by  means  of  the  retarding  field  method  [2]  in  the  scaling  regime  (accelerating 
voltage  1 1  kV).  The  ratio  of  the  mean  longitudinal  velocity  of  electrons  to  the  full  one 
pli/p=0.99±0.1  and  its  spread  5(Pi|/p)=(2  ±1)%  were  found  with  the  use  of  the 
experimentally  received  function  of  collector  current  depending  on  the  decelerating  field. 
Integral  characteristics  of  the  full-scale  electron  beam  were  near  to  the  calculated  ones. 

The  barium-aluminate  cathode  with  the  operating  temperature  1050  -  1 150°C  ensured  its 
characteristics  at  the  heater  power  0.8-1  kW.  These  characteristics  were  invariable  during 
more  than  500  h  of  operation  (at  the  vacuum  5- 10’^  Torr  at  the  oil-fi-ee  evacuation)  and  after 
ten  unsealings  of  the  vacuum  volume. 

This  gun  was  successfully  used  in  the  experiments  with  models  of  microwave 
Cherenkov-type  generators  [3].  At  the  relativistic  carcinotron  of  3-  and  6-centimeter 
wavelength  the  output  power  of  5  and  10  MW,  respectively,  was  obtained  at  the  pulse  width 
that  was  equal  to  duration  of  the  high-voltage  pulse,  that  was  10  ps. 

However,  these  guns  are  more  sensitive  to  inhomogeneity  of  the  emission  current  of  the 
cathode,  and  need  rather  large  magnitude  of  the  guiding  magnetic  field  (about  3  T  in  the 
operating  space).  Otherwise,  destruction  of  the  beam,  discontinuance  of  its  transport,  and 
appearance  of  high-voltage  breakdown  are  observed.  To  increase  the  beam  current  and 
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Fig.  1.  Configuration  of  electrodes  for  the  electron 
guns:  (a)  of  magnetron-injection  type  (with  the  cathode 
diameter  100  mm);  (b)  and  (c)  are  three-  and  two- 
electrode  guns  of  quasi-planar  configuration  (both 
with  the  cathode  diameter  160  mm) 
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simultaneously  to  decrease  the  magnetic  field,  the  electron  gun  with  quasi-planar 
configuration  of  the  electrodes  and  the  enlarged  radius  of  the  emitter  was  designed.  The 
possibility  to  use  the  reduced  magnetic  field  (up  to  magnitude  of  ~1  T)  was  foreseen  at  the 
design  stage.  The  diameter  of  the  formed  beam  was  40  mm;  thickness  of  the  beam  wall  was 
4  mm.  The  gun  electrodes  were  optimised  with  the  regard  for  the  above-mentioned 
requirements  and  the  available  distribution  of  magnetic  field.  The  numerical  codes  KARAT  of 
V.P.  Tarakanov  and  EPOS  [1]  were  used  for  the  optimisation.  An  electron-optical  system  (see 
Table  1),  which  provides  formation  of  the  beam  with  the  current  of  600  A,  energy  of  electrons 
300  kV,  and  the  spread  of  longitudinal  velocities  less  than  10  %,  has  been  developed  and 
manufactured  basing  on  the  proper  calculations.  Configuration  of  electrodes  is  shown  in  Fig. 
l,c.  A  photo  of  the  cathode  unit  with  metal-ceramic  sealed-off  accelerating  section  and  a 
photo  of  the  cathode  for  this  version  of  the  gun  are  shown  in  Fig.  2  and  Fig.  3.  At  higher 
electron  energies  (up  to  500  keV)  and  beam  currents  (up  to  1000  A)  it  is  reasonable  to  use  the 
three-electrode  version  of  this  gun  (Fig.  l,b). 


Table  1 


Magnetron- 
injection 
gun,  helical 
beam 

Magnetron- 
injection  gun, 
rectilinear 
beam 

Quasi-planar 
■  gim 

Cathode  voltage,  kV 

200 

350 

300/500 

Cathode-intermediate  anode  voltage,  kV 

125 

140 

Beam  current,  A 

55 

400 

600/1000 

Magnetic  field  in  the  drift  channel,  kOe 

10 

25 

10 

Mean  diameter  of  the  emitting  belt,  mm 

100 

100 

160 

Belt  width,  mm 

4.7 

15 

15/20 

Angle  between  the  belt  and  the  axis 

50° 

50° 

80° 

Diameter  of  the  beam  at  the  drift  channel,  mm 

20 

25 

40 

Relative  longitudinal  velocity  of  electrons  (3 1 1 

0.81 

0.76/0.86 

Spread  of  the  latter  parameter  83 1 1 

0.002 

0.04 

Relative  transversal  velocity  of  electrons  3i 

0.5 

0.05 

0.1 

Spread  of  the  latter  parameter  53± 

0.03 

0.063 

0.2 
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ABSTRACT 

The  main  aspects  of  the  problem  of  high-power  broad-band  gas-plasma-filled  microwave  de¬ 
vice  designed  as  sealed  tube,  including  beam-plasma  processes,  gas-dynamic  system,  electron 
optical  system  and  cathode  ion  protection,  are  discussed.  Non-relativistic  beam-plasma  mi¬ 
crowave  amplifier  has  been  created  to  operate  at  output  power  up  to  20  kW,  electron  effi¬ 
ciency  30%  and  pass-band  width  up  to  30%. 


During  the  past  decade  there  have  substantial  advances  in  non-relativistic  plasma  micro- 
wave  electronics  [  1  -3  ] . 

Non-relativistic  Cherenkov  type  beam-plasma  microwave  amplifier  based  on  hybrid 
slow- wave  structure  has  been  created  to  operate  at  output  power  up  to  20  kW,  electron  effi¬ 
ciency  30%  and  pass-band  width  up  to  30%.  Hybrid  slow-wave  structure  consist  of  chain  of 
coupled  cavities  with  plasma-filled  transit  channel.  Cylindrical  beam-plasma  column 
(~10'^  cm'^)  created  by  electron  beam  (3  A,  20  keV)  as  a  result  of  beam-plasma  discharge. 
Working  gas  pressure  (H2)  in  the  region  of  slow  wave  structure  is  equal  7.10  -1.10'  Torr.  At 
the  same  time  it  is  necessary  to  have  gas  pressure  about  10  ^  -  10  ^  Torr  in  E-gun  accelerating 
gap  in  order  to  avoid  electrical  breakdown.  The  gas-dynamic  system  for  gas-plasma-filled  mi¬ 
crowave  device  designed  as  sealed  tube  has  been  developed.  Original  measures  for  cathode 
defence  from  ion  bombardment  and  for  coordination  of  electron-optical  system  and  beam- 
plasma  interaction  region  has  been  investigated. 

Also,  the  main  aspects  of  the  problem  of  gas-plasma-filled  microwave  device  perform¬ 
ance  which  we  want  briefly  to  consider  are: 

•  beam-plasma  processes; 

•  gas-dynamic  system; 

•  electron  optical  system  and  cathode-ion  protection; 

•  electric  strength  of  the  electron  gun. 

In  book  [4]  an  attempt  of  systematizing  and  generalizing  both  useful  and  accompanying 
plasma  phenomena  in  various  kinds  of  high  power  electron  guns  and  generated  beams  was 
given.  At  the  definite  conditions,  when  the  plasma  density  generated  in  electron  beam  setup 
may  be  much  higher  than  beam  density,  the  principal  processes  responsible  for  the  electron 
beam  spreading  and  relaxation  are  the  beam-plasma  instabilities  resulting  fi:om  a  collective 
particle  interaction. 
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The  plasma  TWT  is  placed  in  magnetic  field  (0,25-0,3  T)  satisfied  the  following  condi¬ 
tions  cob«co<a)p<cOc,  where  cot,  is  the  electron  beam  frequency,  oOp  is  the  plasma  frequency  and 
roc  is  the  electron  cyclotron  frequency. 

As  can  be  seen  from  the  articles  [1-3]  the  output  microwave  radiation  power  of  plasma 
TWT  in  the  amplifier  mode  is  increased  2-3  time  at  working  gas  pressure  of  T-IO'^LIO'^ 
Torr  in  comparison  with  quasi-vacuum  regime  at  pressure  of  l.lO‘^-j-1.10'*  Torr.  At  the  same 
time  gas  pressure  more  than  3.10'^  Torr  leads  to  destruction  of  hybrid  plasma  slow  wave 
structure  and  fall  microwave  radiation.  Further  rough  estimations  of  system  parameters  are 
given. 

In  Table  1  three  main  beam  states  (two  component  quasi-neutral  beam,  three  component 
«plasma  beam»  and  beam-plasma  discharge  state)  at  different  gas  pressure  P  are  presented. 
The  first  line  of  the  Table  1  indicates  the  example  of  initial  beam  parameters.  Here,  nb,  iij,  ne 
and  iio  are  densities  of  beam  electrons,  ions,  plasma  and  neutral  gas,  accordingly;  kTe  -  plasma 
electron  temperature,  Vb  -  beam  electron  velocity;  aj  -  atom  ionization  cross-section  by  elec¬ 
tron  impact;  Ti=l/(noVbai)  -  ionization  time;  aiVb  -  gas  ionization  rate  by  beam  electrons; 
<aiVe>  -  gas  ionization  rate  by  plasma  electrons  (ionization  probability  in  unit  time  averaged 
over  plasma  electron  velocities  Ve);  nbnoajVb  and  neno<aiVe>  -  the  ion  production  rates  by  beam 
and  plasma  electrons,  accordingly. 


Table  1 


e  Vbo  =  20  keV,  Ib  =  4  A,  db  =  1  cm,  nb  =  3.10^  cm'^ 

Quasi-neutral  E.B. 

Plasma  E.B. 

E.B.  plasma  discharge 
(collective  processes) 

Ub,  Ui 

nb,  ni,  Ue 

nb,  ni,  lie 

P~  10'^  Torr 

P~  lO'^’Torr 

P~  10’^  Torr 

no~3.10'‘cm-^ 

no- 3.10'^  cm’^ 

no~  3.10*^  cm’'^ 

nb~ni  ~  3.1  o’  cm’^ 

ne~  lO’-  10'°cm‘^ 

ne~10"  -  10'^  cm’^ 

- 

kTe  ~  4  eV 

kTe  ~20  eV 

Tj  ~  20  mcs 

Tj  ~  2  mcs 

Xi  ~  0,2  mcs 

nbOoaiVb- 1 0  ‘'‘cm'^s’  * 

nbnoajVb-lO'^  cm'^s"' 

nbOoGj  Vb  ~10'^  em’V 

CTjVb  ~10’’  cm^  s’' 

GjVb  ~  10’’  cm^  s’' 

ajVb~10’’  cm^  s’’ 

- 

neno<CTiVe>~6. 1 0'^cm’^s’' 

neno<ajVe»10'’  em’^s"' 

- 

<CTi  Ve>~7 . 1  O’ '  ’ernes' ' 

<CTiVe>~4.10’^Cm^S’‘ 

" 

HonbO’iVb 

>  10^ 

none<aiVe> 

\  1  A 

none<aiVe> 

^  iU 

nonbCiVb 
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This  situation  was  investigated  on  special  experimental  arrangement  with  use  of  electrical 
probe  and  non-contact  X-ray  diagnostics  obtained  information  directly  from  interaction  region 
(Fig.l)[4]. 

The  gas-dynamic  system  of  plasma  microwave  devices  designed  as  a  sealed  tube  contains 
hydrogen  generators  in  the  field  of  collector  and  an  evacuating  arrangment  between  E-gun  and 
electrodynamic  structure.  Fig.2  shows  schematic  diagram  of  E-gun  and  vacuum  pumping-out 
systems  consisted  of  sorption  part  and  magnetic-discharge  pump.  The  electrodes  of  discharge 
pump  form  also  ion-catcher  which  is  used  to  partially  protect  cathode  from  ionic  bombard¬ 
ment.  Thermionic  flat  cathode  with  diameter  1  cm  is  made  of  W  or  LaBe.  Fig.3  shows  calcu¬ 
lation  results  of  the  gun  electron-optical  system. 

Also,  to  avoid  the  problems  of  E-gun  breakdown  and  cathode  degradation  during  ion 
bombardment  from  the  plasma  generated  by  beam  in  slow  wave  structure  region,  the  original 
vacuum  pumping  system  is  attached  to  E-gun.  Plasma  microwave  device  is  normally  operated 
without  breakdowns  of  accelerating  gap. 

The  variant  of  the  gun  with  ion-protective  annular  cathode  for  new  model  of  plasma  mi¬ 
crowave  tube  is  developed.  The  examples  of  configurations  of  E-beam  and  synthesis  elec¬ 
trodes  are  presented  in  Fig.4  (a)  [5].  Fig.4  (b)  shows  potential  distribution  along  curved  axis 
of  the  beam. 

It  is  necessary  to  say  that  perspective  direction  for  high-power  plasma  tube  application 
can  be  the  use  gas-discharge  plasma  cathode  operated  at  working  gas  pressure.  This  project 
aims  to  develop  plasma  tube  that  can  be  used  with  bipolar  electron-optical  system  and  without 
needing  complicated  gas-dynamic  array. 
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Fig.l 


Fig.2 


Fig.3  Fig.4 

Fig.l  Schemes  of  X-ray  and  electrical  probe  diagnostics. 

Fig.2  Schematics  diagram  of  E-gun  and  vacuum  pumping-out  system. 

Fig.3  Electron  optical  system  of  plasma  TWT. 

Fig.4  Synthesis  of  optical  system  with  annular  cathode.  Configurations  of  beam  and 
electrodes  (a)  and  potential  distribution  along  curves  axis  of  beam  (b). 

1-  anode  forming  electrodes,  2-  cathode  forming  electrodes,  3-  cathode. 
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The  study  of  multifrequency  dynamics  of  backward  oscillators  carried  out  in  [1] 
showed  that  when  injection  electron  current  increases  the  steady  state  oscillations  change  for 
selfinodulation  operation  regime.  It  has  been  noticed  that  high  amplitude  spikes  form  at  the 
initial  stage  of  transient  process  under  such  conditions  and  the  amplitude  of  these  spikes 
substantially  (2-3  times)  exceeds  the  amplitude  of  steady  state  oscillations.  However,  only 
recently  it  was  recognized  [2]  that  this  spike  has  the  superradiative  nature  and  its  formation  is 
related  not  so  much  with  feedback  mechanism  but  just  with  mutual  influence  of  different  part 
of  electron  beam  caused  by  slippage  of  the  wave  with  respect  to  the  electrons.  Under  certain 
conditions  (long  interaction  space  and  low  current)  the  peak  power  associated  with  this  spike 
grows  as  the  square  of  the  beam  current,  which  indicates  that  electrons  in  the  leading  edge  of 
the  beam  radiate  coherently.  Thus,  if  the  electron  pulse  duration  is  restricted  by  the  value 
sufficient  for  formation  of  the  above  mentioned  superradiative  spike  it  is  possible  to  expect 
effective  generation  of  high  power  ultrashort  microwave  pulses. 

Taking  into  account  the  general  interest  in  superradiance  phenomena  in  ensembles  of 
classical  electrons  which  has  attracted  considerable  attention  in  recent  year  [3,4]  we  tried  to 
realise  this  emission  as  one  of  appearance  of  superradiance.  The  electron  accelerator  based  on 
RADAN  303  modulator  [5]  equipped  with  an  adjustable  subnanosecond  pulse  sharpener  [6] 
was  used  as  a  driver  of  intense  subnanosecond  electron  bunches.  When  such  bunches  passing 
through  the  periodic  slow-wave  structure  and  interacted  with  backward  propagating  radiation 
generation  of  ultrashort  subnanosecond  megawatt  level  Ka  band  microwave  pulses  based  on 
superradiance  have  been  observed  [4].  However,  in  these  first  experiments  rather  low  guide 
magnetic  fields  up  to  2T  were  used.  This  value  of  magnetic  field  was  less  than  the  cyclotron 
resonance  value.  At  the  same  time  it  is  known  [7-9]  fi'om  previous  studies  of  long  (5-30 
nanoseconds)  pulse  relativistic  BWO  that  as  the  magnetic  field  is  varied  BWOs  have  two 
operating  ranges  separated  by  the  cyclotron  absorption  region.  Cyclotron  absorption  arises 
when  cyclotron  resonance  conditions  are  fulfilled  for  the  fimdamental  harmonic  the  wave 
propagating  in  the  periodic  structure.  Based  on  this  experience  it  is  reasonable  to  assume  that 
for  the  short  pulse  injection  regime  for  high  guide  magnetic  fields  the  peak  power  of  SR  spikes 
should  be  several  times  higher  as  compare  with  those  attained  in  the  previous 
experiments.  A  superconducting  magnet  was  used  in  a  new  series  of  experiments  to  generate  a 
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longitudinal  magnetic  field  with  strengths  of  up  to  10  T.  Using  a  dc  solenoid  instead  of  the 
pulsed  one  used  in  the  previous  experiments  permits  us  to  operate  in  the  burst-repetitive  mode 
(25pps)  to  actually  create  a  novel  source  of  powerful  subnanosecond  Ka  band  radiation.  In  this 
paper  results  of  the  experimental  investigation  of  superradiance  of  intense  subnanosecond 
electron  bunches  moving  through  a  periodic  waveguide  structure  and  interacting  with  a 
backward  propagating  wave  are  presented.  These  results  are  compare  with  first  results  of  the 
numerical  simulation  of  superradiation  based  on  the  particle-in-cell  (PIC)  code  KARAT. 


EXPERIMENTAL  SET-UP. 

A  RADAN  303  compact  accelerator  with  a  subnanosecond  sheer  was  used  to  inject 
typically  0. 5-1.2  ns,  1-2  kA,  200-250  keV  electron  bunches  [10].  These  electron  bunches  were 
generated  from  a  magnetically  insulated  coaxial  diode,  which  utilised  a  cold,  explosive 
emission  cathode.  A  new  design  of  cathode  unit  has  been  developed  to  provide  the  possibility 
of  the  smooth,  precise  adjustment  of  the  accelerating  gap  to  vary  the  electron  current.  The  fast 
rising  e-beam  current  and  accelerating  voltage  pulses  were  measured  using  a  Faraday  cage 
strip  line  current  probe  and  an  inline  capacitive  voltage  probe  respectively,  with  both  signals 
recorded  using  a  7GHz  Tektronix  7250  transient  digitising  oscilloscope.  High  current  electron 
pulses  were  transported  throughout  the  interaction  space  in  the  form  of  corrugated  waveguide 
of  6  cm  of  a  total  length  in  a  longitudinal  guiding  magnetic  field  of  up  to  1 0  T  created  by  a 
superconducting  magnet.  The  period  of  corrugation  of  the  slow  wave  structure  was 
approximately  3.5  mm,  the  corrugation  depth  was  0.75  mm  and  had  a  mean  radius  of  3.75 
mm.  The  mean  electron  bunch  diameter  varied  between  4. 8-5. 2  mm.  For  measurement  of  the 
Kg-band  radiation  a  hot-carrier  germanium  detector  which  had  a  transient  characteristic  of 
200ps  was  used.  The  electron  beam  current  and  accelerating  voltage  probes  possessed  200ps 
and  15 Ops  transient  characteristics  respectively. 

EXPERIMENTAL  RESULTS. 

Typical  oscilloscope  trace  of  microwave 
signal  from  an  electron  pulse  passing  through  a 
periodical  waveguide  of  total  length  6  cm  is 
presented  in  Fig.l.  The  observed  microwave 
spikes  have  duration  about  300  ps  and  the  rise 
time  of  200  ps.  The  dependence  of  peak  power  on 
the  strength  of  guide  magnetic  field  is  shown  in 
Fig.2.  In  this  diagram  it  is  clearly  seen  that  there  is 
a  region  of  cyclotron  absorption  near  the 
resonance  magnetic  field  value  3.25  T  and  then 
two  operating  regimes  with  low  1.5-3  T  and  high 
>4  T  magnetic  fields.  The  previous  experiments 
on  the  observation  of  SR  in  corrugated  waveguide  [4]  were  carried  out  only  in  the  region  of 
low  magnetic  fields.  Implementing  the  strong  guide  magnetic  field  resulted  in  a  drastic  4-5 
times  increase  of  peak  power.  The  increase  in  power  can  be  easily  explained  by  the 
improvement  in  the  quality  of  the  electron  beam,  the  decreasing  gap  between  the  beam  and  the 


Fig.l  Typical  waveforms  of  superradiation 
microwave  pulse  recorded  by 
germanium  detector. 
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slow-wave  structure  as  well  as  the  decrease  to  0.4mm  of  the  transverse  width  of  the  electron 
bunch.  Frequency  measurements  have  been  made  using  a  set  of  cut-off  waveguides  filters 
showed  that  the  main  peak  had  a  central  oscillating  frequency  of  approximately  38  GHz.  The 
relative  radiation  spectrum  bandwidth  found  from  these  measurements  was  about  5  %.  The 
radiation  had  a  polarisation  corresponding  to  the  TMoi  mode.  The  measured  radiation  pattern 
also  corresponded  with  good  accuracy  to  the  excitation  of  the  TMoi  mode.  This  measurement 
allowed  the  absolute  peak  power  to  be  estimated  by  integrating  the  detected  signal  from  the 
detector  over  its  radial  position.  The  peak  power  estimated  by  this  method  was  about  60  MW. 
A  rather  high  level  of  radiation  power  was  indicated  also  by  the  illumination  of  a  neon  bulb 
panel  when  the  radiation  signal  irradiated  the  panel  at  a  distance  of  30  cm  firom  the  output 
horn.  The  radiation  pattern  accurately  corresponded  to  the  excitation  of  the  designed  TMqi 
mode.  One  more  important  evidence  of  the  high  peak  power  was  obtained  from  the 
observation  of  RF  breakdown  of  ambient  air  for  subnanosecond  pulses  in  the  focus  of 
parabolic  reflector  as  well  as  inside  receiving  concentrating  conical  horn.  Estimation  of  the 
strength  of  electrical  fields  inside  horn  and  comparison  with  the  results  of  previous 
observations  of  breakdown  from  long  nanosecond  microwave  pulses  [9]  demonstrates  that  the 
absolute  power  was  not  less  then  60  MW.  The  calculations  have  shown  that  above  peak  power 
corresponds  to  5%  efficiency  of  the  energy  transformation  from  the  e-bunch  into  microwave 
pulse.  Besides  it  takes  to  note  that  the  rate  of  microwave  power  rise  time  represents  rather 
high  value  of  0. 3-0.4  GW/ns. 


Fig.2  Peak  microwave  power 
as  function  of  guide 
magnetic  field. 


Fig.3  Superradiance  peak  power 
vs  accelerating  voltage  pulse  duration 


-903- 


To  study  the  dependence  of  peak  power  on  the 
total  bunch  charge  the  accelerating  pulse  duration  was 
varied  while  keeping  the  accelerating  voltage  amplitude 
constant.  The  dependence  of  peak  power  on  pulse 
duration  (actually  bunch  charge)  is  presented  in  Fig  3. 
This  dependence  is  rather  close  to  square  law  in  some 
region  of  pulse  duration.  Note  that  for  small  pulse 
duration  given  interaction  length  6  cm  is  not  sufficient 
for  formation  of  SR  spikes.  For  long  electron  pulses 
saturation  of  grows  of  peak  power  obviously  related 
with  the  fact  that  pulse  became  too  long  to  provide 
coherent  radiation  from  all  over  pulse  length.  Actually, 
subsequent  microwave  spikes  emitted  with  increasing 
pulse  duration.  Note  that  experimental  dependence  is 
rather  close  to  results  of  simulations  based  on  PIC  code 
KARAT.  Microwave  pulse  shape,  pulse  width  as  well 
as  absolute  power  found  from  simulations  also  in  good 
agreements  with  experimental  data.  The  simulated 
average  peak  power  for  the  maximum  injection  current 
of  1.5  kA  reached  70  MW  (after  averaging  over  the 
high  frequency  it  should  be  half  of  the  magnitude 
presented  in  Fig.  4). 

The  generated  microwave  pulses  possess  high  stability  and  reproducibility.  Alongside 
with  capability  of  operation  of  RADAN  303  modulator  in  repetition  rate  mode  and  using  for 
bunch  transportation  dc  magnetic  fields  it  gives  possibility  to  generate  microwave  pulse  with 
repetition  frequency  of  25  Hz. 


Fig.4  KARAT  code  simulation  of 
SR  pulse  waveform 
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Abstract  -  Using  plasma  probes  of  different 
geometry  and  spectroscopic  methods,  crucial 
plasma  parameters  like  electron  temperature, 
plasma  density  and  plasma  potential  were 
measured  on  the  multiarc  large  area  ion  source 
(MAIS).  MAIS  is  a  pulsed  source  of  plane  ge¬ 
ometry  and  circular  circumference,  in  which 
the  ion  emitting  plasma  is  built  up  by  synchro- 
neous  ignition  of  an  array  of  180  individual 
discharge  units.  The  total  current  through  all 
discharge  units  was  varied  in  the  range  of  100 
-  300  A.  The  pulse  duration,  was  of  the  order 
of  T  w  30  ps,  the  applied  acceleration  voltage 
U  =  10  -  20  kV.  Plasma  parameters  assessed 
by  these  measurements  were  the  following: 
electron  temperature  near  the  anode  (extractor) 
grid  -  10-30  eV,  in  the  spark  region  >  4  eV. 
The  electron  density  n^  near  the  anode  grid  is 
in  the  range  of  10"cm‘  ^  (depending  on  dis¬ 
charge  current,  the  radial  coordinate,  and  on 
the  potential  of  the  anode  grid),  in  the  spark 
region  >  5xl0'‘^cm-\  The  plasma  potential  lies 
in  the  range  of  50  -  70  V. 

1.  INTRODUCTION 

In  MAIS  the  ion  -  emitting  plasma  is  built  up 
by  an  array  of  individual  discharge  units  ho¬ 
mogeneously  distributed  over  the  surface  of  a 
common  discharge  electrode  [1,  2].  The  type 
of  ions  produced  by  MAIS  can  be  controlled 
by  the  type  of  discharge  employed.  A  proton 
beam  is  generated  when  a  flash  over  discharge 
across  a  polyethylene(PE)  surface  is  used. 
Metal  or  carbon  ions  are  obtained  when  a  vac¬ 
uum  arc  discharge  is  used.  Current  density. 


homogeneity,  pulse  duration,  and  divergence 
of  the  ion  beam  being  produced  depend  on  pa¬ 
rameters  of  the  ion-emitting  plasma.  Obtaining 
of  the  information  about  these  parameters  was 
the  aim  of  our  measurements. 

2.  EXPERIMENTAL  APPARATUS 

The  layout  of  the  experimental  facility  is 
shown  in  Fig.l.  Plasma  parameters  were 
measured  by  means  of  Langmuir  probes  and 
visible  spectroscopy. 

Under  normal  operating  conditions,  a  high 
voltage  pulse  of  positive  polarity  was  applied 
to  the  anode  discharge  electrode  and  to  the  an¬ 
ode  grid.  This  leads  to  flashover  discharges 
between  the  body  of  the  discharge  electrode 
and  the  grounded  individual  needle  electrodes 
(i.e.  across  the  surface  of  the  PE  plugs),and 
results  in  the  formation  of  a  plasma  layer  from 
which,  after  its  expansion  to  the  anode  grid, 
ions  can  be  extracted. 

During  the  probe  measurements  the  anode  grid 
was  substituted  by  a  metal  plate  with  holes, 
through  which  the  probes  were  inserted.  A 
high  voltage  pulse  of  negative  polarity  was 
applied  to  the  needle  electrodes. 

The  anode  discharge  electrode  was  groimded. 
This  modification  of  the  electrical  circuit  al¬ 
lowed  to  arrange  the  probes  under  ground  po¬ 
tential  without  perturbation  of  the  plasma  pro¬ 
duction  process.  Nine  probes  were  mounted 
along  the  diameter  of  a  metal  plate.  Four 
probes  had  a  cylindrical  geometry  with  col¬ 
lecting  area  of  O.OScm^.  Five  probes  had  a  flat 
geometry  with  collecting  area  of  0.33cm^.  The 
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Fig.l  Schematic  of  the  large  area  multiarc  ion  beam  source  MAIS 


information  about  plasma  parameters  in  the 
spark  regions  was  obtained  with  the  help  of 
visible  spectroscopy.  The  integral  spectrum 
was  recorded  using  KODAK-3 600  film  in  the 
range  of  230  -  600  nm.  The  chronological  be¬ 
havior  of  the  spectral  lines  intensity  was  ana¬ 
lyzed  by  the  monochromator,  photomultiplyer 
and  oscilloscope.  The  measurements  were  per¬ 
formed  under  different  amplitudes  of  the  high- 
voltage  pulse  U. 

3.  EXPERIMENTAL  RESULTS 


3.1  Probe  measurements 

In  Fig.  2  the  oscillogramms  of  the  discharge 


Fig.2  Discharge  current  and  ion  saturated 
probe  current  oscillogramms 


current  and  of  the  ion  saturation  current  to  the 
probe  (representing  the  temporal  behavior  of 
the  plasma  density)  are  shown.  One  can  see 
that  the  plasma  density  reaches  its  quasista¬ 
tionary  value  within  5  ps.  Such  a  behavior  is  in 
good  agreement  with  the  model  of  the  plasma 
formation  described  in  [2].  Examples  of  typi¬ 
cal  PC  are  given  in  Fig. 3. 


Fig.3  The  probe  U-I-characteristic  for  t=llps 
from  the  beginning  of  the  pulse 


Here  each  point  represents  an  average  value 
over  5  shots.  One  can  see  that  dependence 
ln(I,)  on  Up,  ( 1^  -  electron  current  to  the  probe. 
Up,  -  probe  potential)  is  practically  linear.  It 
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means,  that  the  plasma  electrons  have  a  Max¬ 
wellian  energy  distribution  and  this  depend¬ 
ence  can  be  used  for  determination  of  the 
plasma  electron  temperature  Tg. 

The  measurements  yielded  the  following  re¬ 
sults: 

-the  electron  temperature  changes  in  time  in 
the  range  of  10  to  20  eV.  In  the  middle  part  of 
the  pulse,  the  most  probable  value  of  is  20 
eV; 

-the  plasma  density,  determined  by  the  ion 
saturation  current,  is  in  the  range  of  10"  cm■^ 
It  depends  on  time,  discharge  current,  radial 
coordinate,  and  on  the  potential  of  the  anode 
grid.  The  latter  can  be  controlled  by  means  of 
the  resistor  R^g  inserted  between  this  grid  and 
the  discharge  electrode.  When  Rag  =  0  the  an¬ 
ode  grid  potential  is  equal  to  the  potential  of 
the  discharge  electrode.  When  Rag  =  1.5  kQ  the 
anode  grid  adopts  floating  potential. 

In  Fig.  4  the  radial  distribution  of  the  plasma 
density  is  shown  (R^g  =  1.5  kQ  ,  U  =  14.5  kV). 
It  has  Gaussian  shape  caused  by  plasma  re¬ 
combination  on  the  wall  of  the  insulator  situ¬ 
ated  between  the  anode  grid  and  the  discharge 
electrode. 


Fig.4  Radial  distribution  of  the  plasma  density. 
1  - 1  Ips,  2-  16ps,  3  -  21ps  after  start  of  current 
pulse 

In  the  case  of  R^g  =  0  the  plasma  density  was 
found  to  be  about  two  times  smaller  then  in  the 
case  of  Rgg  =1.5  kQ.  Therefore,  the  difference 


in  the  magnitude  of  the  ion  current  for  Rag  =  0 
and  1.5  kQ  observed  in  [2]  can  be  explained 
by  difference  in  the  values  of  the  plasma  den¬ 
sity  in  these  two  cases. 

The  plasma  density  becomes  proportional  to 
the  discharge  current  when  it  exceeds  a  certain 
value,  which  is  apparently  necessary  for  igni¬ 
tion  of  the  majority  of  the  discharge  units. 

The  plasma  floating  potential  changes  in  time 
in  the  range  of  +  40  -:-50  V.  In  the  middle  of 
the  pulse  its  typical  value  lies  in  the  range 
between  -20  and  -50  V.  The  plasma  potential 
relative  to  the  discharge  electrode  is  in  the 
range  of  +50  +70  V  and  depends  on  Rgg.  For 

Rag  =  1.5  kQ  the  plasma  potential  is  less  then 
for  Rag=  0. 

3.2  Spectroscopy  measurements 

The  spectroscopy  measurements  revealed  that 
the  typical  spectrum  of  the  plasma  in  the  spark 
region  contains  lines  of  hydrogen  H„  Hp, 
Hy.and  the  carbon  ion  lines  CII.  The  half  width 
of  the  Hp  line  was  found  to  be  0.05  -  0.055  nm 
and  exceeds  the  apparatus  resolution  (0.025 
nm).  The  broadening  of  this  line  is  caused  only 
by  the  Stark  effect,  since  the  influence  of  the 
Doppler  effect  on  neutral  atoms  is  negligible. 
Estimations  show,  that  the  observed  broaden¬ 
ing  of  the  Hp  line  corresponds  to  a  plasma 
density  exceeding  5xl0"cm'^  [3].  The  half¬ 
widths  of  the  carbon  ion  lines  at  426.7  nm  and 
391  nm  corresponded  to  the  apparatus  resolu¬ 
tion.  The  absence  of  the  broadening  of  the  CII 
lines  allows  to  conclude  that  the  temperature 
of  the  carbon  ions  does  not  exceed  1-2  eV. 

In  Fig.5  an  example  of  the  oscillogramms  of 
the  chronological  behavior  of  the  spectral  lines 
Hp  and  CII  and  of  the  discharge  current  is 
given.  The  analysis  of  the  oscillogramms 
shows,  that  the  rate  of  hydrogen  ionization  in 
the  range  of  the  sparks  is  high  when  the  cur¬ 
rent  through  the  spark  exceeds  2.5  -  3  A. 

The  decrease  of  the  CII  line  intensity  lOps  af¬ 
ter  pulse  beginning  suggests  the  existence  of 
ions  in  the  discharge  in  this  time  period.  It 
is  known  that  the  composition  of  a  plasma  al¬ 
lows  to  draw  conclusions  concerning  the  elec- 
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tron  temperature  [4].  To  assess  this  parameter 
it  is  of  vital  importance  to  use  an  adequate 
model  of  the  ionization  state.  In  our  case  the 
determination  of  the  ionization  state  proves  a 
difficult  task  since  the  plasma  discussed  here  is 
both,  of  inhomogeneious  and  non-stationary. 
We  are  therefore  limited  to  relative  rough  es¬ 
timations  of  the  ionization  state,  using  a  non- 
stationary  Corona  model  [4,  5]. With  such  a 
model  one  finds  an  electron  temperature  in 
the  spark  region  >  4  eV.  The  density  of  the  hy¬ 
drogen  atoms  at  the  beginning  of  the  discharge 
is  6xl0'‘’cm'^.  The  estimations  confirm  that  in 
the  source  plasma  the  unexcited  double  ion¬ 
ized  carbon  ions  can  also  exist. 


t,  ns 

Fig.  5  Chronological  behavior  of  the  spectral 
lines  intensity  in  the  spark  region 


4.  CONCLUSIONS 

The  parameters  of  the  plasma  produced  in  the 
multiarc  pulsed  ion  source  MAIS  were  meas¬ 
ured  with  the  help  of  Langmuir  probes  and 
visible  spectroscopy.  It  was  found  that  in  the 
spark  region,  the  plasma  electron  density  ex¬ 
ceeds  5xl0'^cm*\  the  electron  temperature  is 
in  the  range  T^  >  4  eV.  The  rate  of  the  hydro¬ 


gen  ionization  is  rather  high  when  the  spark 
current  exceeds  2.5  -  3A.  Apart  from  protons, 
the  plasma  contains  single  and,  probably,  dou¬ 
ble  -  ionized  carbon  ions.  The  electron  tem¬ 
perature  of  the  expanded  plasma  is  in  the  range 
of  1 0  -  20  eV,  the  plasma  density  is  of  the  or¬ 
der  of  10"cm  ^  the  plasma  potential  Vp=  50  -r 
70  V.  The  plasma  density  and  potential  are 
sensitive  to  the  potential  of  the  anode  grid. 
When  the  grid  is  under  plasma  floating  poten¬ 
tial,  the  plasma  density  is  about  two  times 
higher  and  the  potential  is  lower  than  in  the 
case  where  the  potential  of  the  grid  corre¬ 
sponds  to  the  potential  of  the  discharge  elec¬ 
trode  The  radial  distribution  of  the  plasma 
density  has  the  Gaussian  shape. 
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ABSTRACT 

In  glow-discharge  based  plasma  emission  structures  the  potential  difference  Ac})  between 
plasma  and  the  screen  electrode  of  the  ion  optics  may  equal  0  -1  kV  depending  on  the 
electrode  system.  This  paper  presents  results  of  computer  simulation  and  experimental  study 
of  the  formation  of  argon  ion  beams  having  the  energy  of  0.5  -  50  keV  and  the  current  density 
of  1  -  10  mA/cm^  at  various  Acj)  values.  It  is  shown  that  large  A^,  which  are  typical  of  hollow- 
cathode  discharges,  have  an  effect  upon  the  efficiency  of  the  ion  extraction  from  plasma, 
require  a  higher  accelerating  electric  field  strength  and/or  cause  a  drop  in  the  maximum 
density  of  the  beam  current.  Extraction  of  ions  and  formation  of  high-perveance  low- 
divergent  beams  are  impaired  due  to  a  presence  of  thick  layer  of  space  charge,  which  affects 
the  shape  of  the  plasma  boundary  in  apertures  of  the  ion  optics. 


INTRODUCTION 

A  high  ion  current  density  j  and  its  uniform  distribution  j(r)  over  the  beam  cross-section 
are  the  main  requirements  imposed  on  sources  of  broad  beams  (BB's)  used  for  surface 
modification  of  materials.  These  characteristics  of  BB's  generated  by  multi-aperture  ion 
optical  systems  (lOS)  depend  not  only  on  the  density  and  spatial  homogeneity  of  plasma,  but 
also  on  the  conditions  of  formation  and  propagation  of  the  beams  (angular  divergence  and  the 
lOS-collector  distance).  The  divergence  angle  0  of  the  beams  formed  in  separate  apertures  of 
the  lOS  should  be  a  minimum,  but  sufficient  to  provide  overlapping  of  the  beams  and  a 
uniform  distribution  j(r).  If  the  angle  0  increases  with  j,  the  initially  homogeneous  beam  may 
transform  on  its  drift  length  into  a  beam  with  a  profile  j(r)  similar  to  the  Gaussian  one. 

The  beam  formation  conditions  depend  on  the  potential  difference  A(|)  between  plasma 
and  the  screen  electrode  of  the  lOS.  In  glow-discharge  based  plasma  emission  structures  [1] 
ion  emitting  plasma  is  produced  in  chambers  whose  walls  may  carry  cathodic  or  anodic 
potential  depending  on  the  electrode  system.  The  surface  area  of  the  screen  electrode  of  the 
lOS  generating  BB's  is,  as  a  rule,  comparable  with  the  total  surface  area  of  the  chamber  walls. 
Therefore  the  electrode  potential  may  prove  to  be  adjustable  on  a  limited  scale  so  as  to  avoid 
impairment  of  the  discharge  operation  conditions.  For  example,  the  increase  in  the  potential 
at  elements  coming  in  contact  with'^a  plasma  of  the  hollow-cathode  discharge  was  followed  by 
rise  of  loss  rate  of  fast  electrons  and  the  increase  in  the  voltage  and  gas  pressure  required  for 
the  stable  discharge  operation.  In  these  type  of  plasma-emission  structures  a  layer  of  space 
charge  appears  between  plasma  and  the  screen  electrode.  The  potential  drop  A(|)  across  this 
layer  may  reach  ~1  kV  and  the  layer  may  be  1-10  mm  long  depending  on  the  plasma  density. 
The  space  charge  layer  affects  the  shape  of  the  plasma  boundary  and  conditions  of  the  ion 
beam  formation.  This  paper  presents  results  of  computer  simulation  and  experirnental  study 
of  formation  of  argon  ion  beams  having  the  energy  eU  =  0.5  -50  keV  and  the  current  density 
of  1-10  mA/cm^  in  systems  employing  a  glow-discharge  based  plasma  emitter  of  ions. 
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COMPUTER  SIMULATION 


We  simulated  conditions  of  formation  of  ion  beams  in  a  single-aperture  accelerating- 
decelerating  lOS  with  the  hole  diameter  d  ~  3-15  mm,  the  accelerating  gap  length  1  ~2-20  mm 
and  the  electrode  thickness  h  ~  1-3  mm.  Two  energy  intervals  were  taken:  several  keV  and 
several  tens  of  keV.  The  ion  emitter  was  argon  plasma  with  the  single-charged  ion  density  n  ~ 
10*° -lO'^  1/cm^  and  the  electron  temperature  of  5-10  eV.  The  no-loss  conditions  of  the  beam 
at  the  lOS  electrodes  were  determined,  the  angle  0  of  the  beam  divergence  was  calculated,  the 
current  density  distribution  j(r)  at  any  preset  cross-section  of  the  beam  was  found.  The 
relationship  between  the  flow  of  ions  to  the  lOS  screen  electrode  and  the  beam  current  was 
estimated.  The  calculations  were  made  for  Ac])  =  0  and  A(l)  =  0.5-1  kV. 

When  A(|)=0,  the  beam  behavior  corresponded  to  the  relationship  0=0.298(1-2.14  P/Po) 
[2],  where  S  =  d/1,  P  is  the  working  perveance,  and  Po  is  the  maximum  perveance  for  a  plane 
diode.  Figure  1  shows  the  angle  0  of  a  low-energy  beam  at  the  exit  of  an  accelerating- 


decelerating  lOS  as  a  function  of  the  ratio  between 
the  net  (determining  the  beam  energy)  and  total  (at 
the  accelerating  gap)  voltages  U„/Ut,  with  the  ion 
emission  current  density  j  =  2  mA/cm^  being 
constant.  Calculations  were  performed  for  three 
versions  of  the  lOS,  which  had  the  same  hole 
diameter  d  =  4  mm,  but  differed  by  the  gap  length 
1  and,  correspondingly,  values  of  the  voltage  Ut, 
which  were  chosen  so  as  to  correspond  to  the 
optimal  perveance  P  ~  1/2  Po.  Minimum  values  of 
the  angle  0  over  a  wide  range  of  Un/Ut  were 
obtained  at  an  optimal  working  perveance  P  for 
minimum  S  (largest  1).  To  reduce  the  loss  of  the 
beam  at  the  lOS  electrodes  at  the  same  current 
density  j  during  simulation  of  the  lOS  with  A(j)  = 
0.5-1  kV,  the  gap  length  1  had  to  be  decreased  at 
least  by  a  factor  of  two.  A  high  strength  of  the 
field  in  the  accelerating  gap  of  this  lOS  suggests 
that  the  highest  attainable  level  of  beam  current 
density  is  lower  than  in  systems  with  A(|)  =  0. 

In  a  high-voltage  lOS  with  U  =  30-50  kV 
and  j  =  1-30  mA/cm^  the  presence  of  the  layer 
does  not  hinder  formation  of  well-focused  beams. 
Figure  2  shows  the  current  density  j  and  the  angle 
0  as  a  function  of  the  plasma  density  n  for  an  lOS 
with  d=10  mm  and  1=15  mm.  The  increase  in  n 
was  followed  by  displacement  of  the  plasma 
boundary,  redistribution  of  the  flow  of  ions  from 
plasma  at  the  periphery  of  the  lOS  apertures,  the 
decrease  in  the  beam  current,  and  alteration  of  the 
angle  0.  The  efficiency  of  the  ion  extraction  from 
plasma  and  the  angular  divergence  of  the  beam 
depended  on  the  combination  of  the  parameters  j, 
A(|),  eU  and  1,  and  the  screen  electrode  thickness. 


Fig.  1.  Ion  optics  simulation  results  for 
j  =  2  mA/cm^’,  d  =  4  mm. 


n  X  10  ",  cm*^ 


Fig.  2.  Ion  optics  simulation  results 
for  U  =  30(1),  40  (2),  50  (3)  kV. 
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EXPERIMENTAL  STUDY 


a)  Formation  of  high-energy  ion  beams 

The  ion  source  based  on  a  hollow- 
cathode  discharge  in  a  magnetic  field  [3]  was 
used  in  the  experiments.  The  ion  optics  of  the 
source  was  replaced  by  a  single-aperture  three- 
electrode  lOS  (d  =  1  =  10  mm).  The  beam 
profile  at  the  distance  of  300  mm  from  the  lOS 
was  measured  using  a  probe  in  the  form  of  a 
wire  0.5  mm  in  diameter,  which  moved  in  a 
slit  2  mm  wide.  Figure  3  shows  the  angle  6  as 
a  function  of  the  accelerating  voltage  for 
different  values  of  the  current  density  of  ions 
from  plasma:  j  =  4  (1),  6.7  (2)  and  10  (3) 
mA/cm^.  The  angle  of  the  beam  divergence  0 
was  evaluated  from  the  ratio  between  the 
width  at  the  half-height  of  the  beam  profile 
and  the  drift  length  of  the  beam.  As  is  seen 


Accelerating  voltage,  kV 

Fig.  3.  Beam  divergence  for 
j  -  4  (1),  6.7  (2),  10  (3)  mA/cm^ 


from  Fig.  3,  the  presence  of  the  cathodic  layer  does  not  impede  achievement  of  small  0.  The 
working  subintervals  of  the  lOS  voltage  providing  formation  of  uniform  BB's  are  located  on 
both  sides  of  the  minimum  in  the  dependence  0(U).  These  subintervals  have  a  small  width 
(<10  kV).  The  subinterval  on  the  right-hand  branch  is  narrower,  but  this  regime  ensures  a 
better  extraction  of  ions  from  plasma  (see  Fig.  2).  A  change  in  the  density  j  or  the  gap  length  1 
is  accompanied  by  displacement  of  the  lOS  working  range  on  the  energy  scale. 


b)  Formation  of  low-energy  ion  beams 


Ions  were  extracted  from  plasma  produced  in  the  anodic  chamber  of  the  discharge 
system  and  therefore  the  potential  of  the  screen  electrode  could  be  adjusted  between  anodic 
and  cathodic  values.  In  the  case  of  a  multi-aperture  lOS,  the  discharge  operation  conditions 
and  the  density  of  plasma  generated  under  the  two  regimes  differed  little  thanks  to  a  large 
total  surface  area  of  the  apertures  and  the  effect  of  the  accelerating  field.  Figures  4  and  5 
show  the  U„AJt  dependencies  of  the  beam  current  and  currents  in  the  circuits  of  the 
accelerating  (I2)  and  output  (I3)  electrodes  of  an  accelerating-decelerating  lOS  forming  a 
beam  of  argon  ions  with  the  constant  energy  eU„  =  1  keV.  The  dependencies  were  taken  at 
the  floating  (Fig.  4,  A([)  ~  60  V)  and  cathodic  (Fig.  5,  A(t)  ~  1  kV)  potentials  across  the  screen 
electrode  and  at  a  constant  discharge  current.  In  both  cases  a  maximum  beam  current  was 
achieved  at  the  maximum  strength  of  the  accelerating  field  corresponding  to  U„/Ut  =  0.3.  The 
half-angle  of  divergence,  which  was  estimated  from  the  profile  width  of  the  beam  formed  by 
a  single  aperture  of  the  lOS,  was  3-4°  at  the  emission  current  density  of  1-1.5  mA/cm^. 
However,  the  gap  length  had  to  be  decreased  from  5  to  3  mm  in  the  system  with  the  cathodic 
potential  (Fig.  5)  in  order  to  obtain  comparable  parameters.  Given  the  same  gap  length 
1=5  mm,  the  current  loss  in  the  electrode  circuits  of  the  lOS  with  A<|)  ~  1  kV  was  much  greater 
than  the  beam  current. 
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Fig.  4.  Low  energy  ion  beam 
formation  (A(j)  -  60  V). 


Fig.  5.  Low  energy  ion  beam 
formation  (A(j)  =  1  kV). 


CONCLUSIONS 

1.  A  considerable  potential  difference  (A({)  =  0.5-1  kV)  between  hollow-cathode  glow- 
discharge  plasma  and  the  screen  electrode  of  the  ion  optics  greatly  affects  extraction  of  ions 
from  plasma,  the  maximum  current  density  and  angular  divergence  of  the  ion  beam. 

2.,  In  high-voltage  (U  ~  50  kV)  ion  optics  (lOS)  a  layer  of  a  positive  space  charge  at  the 
screen  electrode  of  the  lOS  mainly  affects  extraction  of  ions  from  plasma.  The  efficiency  of 
the  ion  extraction  also  depends  on  the  plasma  density,  the  U  value,  and  geometrical 
dimensions  of  the  lOS  elementary  cell. 

3.  In  low-voltage  (U  ~  1  kV)  lOS  the  presence  of  this  layer  causes  an  increase  in  the 
angle  0  of  the  beam  divergence  and  limits  the  maximum  beam  current  density  j.  To  form  a 
beam  with  preset  0  and  j,  the  field  strength  in  the  accelerating  gap  should  be  increased  as 
compared  to  the  system  with  Acj)  =  0. 
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MAGNETICALLY  INSULATED  ION  DIODE  IN  PLASMA  OPTICAL  MODE 


A.  Goncharov.  I.  Litovko,  I.  Protsenko 
Institute  of  Physics  NASU,  prospekt  Nauki,  Kiev-39,  252650,  Ukraine 


Introduction 


Magnetically  insulated  diode  gap  in  the  plasma  optical  mode  (MDG)  is  a  special  case  of 
the  one-dimensional  DG  with  magnetized  electrons  and  free  ions.  The  conception  of  such  DG 
is  based  on  simplest  physical  models  of  many  devices,  e.g.  accelerator  with  a  closed  drift  of 
electrons  (ACD),  ion  magnetron,  magnetically  insulated  pulse  diode  etc.  These  models  have 
their  specific  features  depending  on  the  type  and  destination  of  the  device.  The  first  simplest 
model  of  the  stationary  ACD  [1]  set  as  a  basis  for  further  investigations.  There  were  supposed 
space  charge  of  an  accelerated  ion  beam  is  compensated  by  electrons  created  in  the  DG 
volume  by  shock  ionization  of  the  low  pressure  gas  by  electrons  themselves,  which  than  go 
away  to  the  anode  due  to  permanent  mobility  along  the  DG  in  the  strong  electric  field,  caused 
by  rigid  collisions  with  atoms  of  a  gas.  Within  the  framework  of  this  model  it  was  found  in 
[1]  for  the  regime  of  quasi-neutrality  the  self-consistent  stationary  distributions  of  the 
potential  along  the  DG,  providing  acceleration  of  the  ion  beam  without  restrictions  on  a 
density,  in  other  words,  the  conditions  were  found  for  which  the  parameter  a=j^/jy 


(jy=-^(2e/M)^^^(P0^'^^/d^  is  a  Langmuir  current  in  the  DG  with  a  length  d  and  voltage  (po)  has 

no  upper  limit.  At  the  same  time,  the  stationary  regime  for  this  method  of  compensation  of  an 
accelerating  DG  is  accompanied  by  slow  (proportional  to  the  time  of  space  ionization  of  low 
pressure  gas  atoms)  increasing  of  the  ion  beam  current. 

Progress  in  generation  and  formation  of  power  ion  beams  with  short  duration  (x<l(xs) 
and  current  densities  exceeding  the  Langmuir  limit  in  tens  times  increases  an  interest  to  the 
analysis  of  a  physical  nature  of  these  effects.  In  the  works  carried  out  in  this  connection  it  was 
proposed  [2]  and  developed  [3,4]  a  stationary  one-dimensional  model  of  Larmor  electron 
circles  starting  from  the  cathode  and  forcing  out  to  the  anode  by  their  space  charge  an  applied 
electric  field  of  MDG.  Within  the  framework  of  this  model  essential  increasing  of  the 
parameter  a  up  to  values  a»l  is  noticeable  only  for  magnitudes  of  a  homogeneous  magnetic 

field  close  to  the  critical  one  u  *  =  —  ,  since  for  H->H*  electron  orbits  tend  to 

d\  e 


fill  the  whole  volume  of  the  DG.  However,  for  magnitudes  of  the  magnetic  field  H>2H*  a~l 
with  the  help  of  this  model  it  is  not  possible  to  account  for  the  experimental  data  accumulated 
in  the  course  of  investigations  of  the  magnetically  insulated  pulse  diodes  [5]. 

Directional  shifts  of  electrons  along  the  DG  (electron  current  leakage  onto  the  anode)  for 
insulated  magnetic  fields  H»H*  serve  as  a  base  for  creation  of  stationary  state  models  [5],  in 
which  dynamics  of  the  electron  component  is  described  under  assumption  of  existence  of  the 
anomalous  diffusion  transfer  mechanisms.  That  is  why,  in  the  numerical  experiment  [5]  the 
directional  to  the  anode  polarized  electron  drift  was  created  by  introduction  of  the  model 
electric  field  of  the  turbulent  oscillations.  In  the  pulse  relativistic  diode  with  a 


strongly  marked  effect  of  electron  diamagnetic,  which  deforms  essentially  applied  fields  EH, 
there  were  obtained  current  densities  of  non-magnetized  hydrogen  ions,  exceeding  the 
Langmuir  limit  by  the  factor  more  than  order. 
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For  the  case  when  relativistic  and  diamagnetic  effects  are  negligible,  the  applied 


X 


0 

X 
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magnetic  field  H»H*,  the  accelerating  magnetically  insulated  diode  gap  become  analogous 
to  a  certain  extent  to  the  part  of  the  plasma  optical  system.  We  call  it  an  elementary  plasma 
optical  cell,  in  which  a  voltage  (Po'=(Pi-(P2  applied  to  external  electrodes  is  fixed  by  magnetic 
field  strength  lines  H I  |Oz  (fig.  1)  with  a  distance  between  them  x=d. 


MDG  in  plasma  optical  mode 

In  the  plasma  optical  mode  of  the  MDG  model  it  is  essential  an  assumption  of 
correctness  of  the  Ohm  law  for  the  electron  current,  due  to  which  a  behavior  of  electrons  is 
self-consistent  with  the  electric  field  of  the  one-dimensional  DG.  For  basing  of  this 
assumption  it  is  enough  to  introduce  an  anomalous  cross  mobility  supposing  that  electron  gas 
state  is  turbulent  in  the  crossed  EH  fields.  Stationary  electric  field  distributions  and  maximum 
ion  and  electron  currents  passed  through  the  system  we  will  find  from  the  smooth  and 
monotonous  solutions  of  the  Poisson  equation  under  assumption  that  there  are  no  reflected 
particles. 

For  the  case  of  accelerating  DG  (initial  velocity  at  the  entrance  Vb=0)  it  is  followed  by 
the  creation  of  a  double  layer  with  maximum  E  field  exceeding  the  vacuum  field  by  a  factor 
of  1.24.  The  limiting  density  of  the  passing  beam  is  3.24  times  higher  than  the  Langmuir 
limit.  On  the  fig.  2  it  is  presented  non-dimensional  distributions  of  the  potential  (1),  electric 
field  (2)  and  space  charge  (3),  following  from  the  equation  for  the  limiting  current 

Y'  =  yyl^jY-X,  which  is  justified  for  Y(0)=0,  Y(l)=l,  YX0)=0,  Y’(1)=0  only  in  the  point 
/  =  2, 395  .  It  is  seen,  that  maximum  electric  field  in  the  created  double  layer  is  realized  in 
the  region  of  quasi-neutrality  for  the  values  X«0,3-f0,4  and  it  increases  rapidly  when  going 
from  the  DG  boundaries.  Thus,  an  approximation  based  on  the  assumption  that  electron 
current  on  the  anode  is  connected  with  mobility  can  be  applied  even  for  currents  close  to  the 
limiting  ones  virtually  in  the  whole  volume. 

It  is  shown  in  [6]  that  in  the  additional  accelerating  MDG  with  the  input  ion  beam 

1/2 

velocity  Vo»(2e(po/M)  the  quasineutral  regimes  with  E  «  const  without  restrictions  on 
current  density  of  the  passing  ion  beam  can  be  achieved. 

For  the  such  MDG  the  dissipate  instability  of  short  wave  oscillations  (kd»l,  k  is  a  wave 
vector,  k|  I  Vb),  caused  by  damping  on  the  electrons  with  finite  mobility  in  crossed  EH  fields 
[6],  plays  the  main  role  in  deviation  of  stationary  states.  The  stationary  E-field  is  of  essential 
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role  in  the  dynamics  of  the  disturbed  component  of  the  passing  ion  beam.  Investigations  of  an 
effect  of  non-disturbed  parameters  nb°(X),  Vb(X),  ne°(X)  changes  in  the  stationary  field  E‘’(X) 
on  the  space  evolution  of  the  disturbed  beam  current  density  show  that  the  higher  initial 
density  and  velocity  the  more  effective  growth  of  initial  perturbations.  This  can  lead  to 
deformations  of  the  stationary  potential  distribution  and  beam  current  breaks. 


12  3  4  5 


Fig,  3.  a)  ACD  type  source:  1 -coil,  2-anode,  3-extractor, 
setup  with  a  reverse  gas-magnetron  type  source:  1 -anode. 


-emitter  of  electrons,  5-collector;  b)  a  scheme  of  the 
1-cathode,  3-cathode  loop,  4-extractor,  5-collector. 


To  compare  results  of  the  theoretical  analysis  of  stationary  and  non-stationaiy  states, 
experiments  have  been  carried  out.  As  a  hydrogen  ion  emitter,  the  effective  ACD-type  source 
was  applied  [fig.3(a)].  The  insulated  H-field  in  the  volume  of  the  accelerating  DG  was  created 
by  the  plain  coil  (extractor).  The  experiments  show  that  introduction  of  the  H-field  on  the  DG 
increases  its  capacity  and  improves  electric  stability  during  the  time  less  than  the  time  of 
development  of  self-maintained  discharge  in  the  crossed  EH  field.  The  maximum  amplitude 
of  ion  current  pulses  on  the  collector  Ic  (T<30ps)  is  determined  by  correlation  of  high  voltage 
pulses  Ub  <20kV,  magnetic  field  H<0.3T,  gap  length  d=lcm,  and  also  by  presence  of 
thermoemission  from  the  extractor  plain. 


Fig.  4.  Dependency  vs  la:  (a) — Ub=15  kV,  d=4  mm;  (b) — Ub=3  kV,  d=8  mm;  H:  1-0,2T,  2-0  (a,b) 

Maximum  amplitude  of  the  non-compensated  electron  current  fall  down  for  H=H*  and  trends 
smoothly  toward  the  null  for  H»  H*.  Noise  modulation  of  the  current  signal  increases 
sharply  (up  to  100%);  this  testifies  to  mechanisms  of  anomalous  cross  mobility  of  electrons.  It 
is  possible  to  estimate  correctly  the  capacity  of  MDG  with  magnetized  electrons  by 
comparison  of  dependency  of  Ic  on  Ij  in  the  source  with  an  analogous  depende  2  when  there 
are  no  electrons  in  the  gap.  Such  experiments  shown  that  sufficient  quantity  ot  compensated 
electror  0  ids  to  growth  of  the  electric  field  in  the  MDG,  keeping  of  the  emission  Iraundaiy 
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with  more  dense  plasma  and,  hence,  formation  of  the  beam  with  a  density  increased  by  the 


kV 


factor  three  (fig.  4). 

In  the  additional  accelerating  MDG,  where  stationary 
states  do  not  restrict  the  limiting  density  of  the  passing 
beam,  the  restrictions  can  arise  as  a  result  of  development 
of  collective  processes.  Experimental  investigations  of  the 
ion  beam  passing  through  the  accelerating  MDG  with 
magnetized  electrons  were  carried  out  using  one  of  source 
modifications  of  reverse  gas-magnetron  type  [fig.  3(b)].  An 
accelerating  voltage  pulse  (talOOps,  Ub<25kV)  was 
applied  between  the  extractor  (a  frame  1X1  cm)  and  the 
source  cathode  unit  with  a  slit  (d<lcm)  for  hydrogen  ion 
beam  injection  into  the  MDG.  For  magnetic  insulation  of 
the  DG  it  was  used  a  magnetic  field  (H<0.25T)  created  by 
pulse  of  current,  passing  through  the  cathode  coil.  The 
collector  who  was  1  cm  behind  the  extractor  measured  the 
current  and  density  of  the  beam. 


Fig.  5.  Oscillograms  for  high-voltage  pulse  -a).;  total  beam  current  -  b) 


Experiments  show  secondary  electrons  from  the  extractor  are  of  importance  for  enhancement 
of  the  source’s  ion  emission  and  beam  passing  through  the  gap.  The  measurements  of 
potential  distribution  in  the  gap  show  that  ion  beam  is  accelerated  mostly  in  the  narrow  layers 
in  the  vicinity  of  electrodes  (<lmm).  This  creates  favorable  conditions  for  developments  of 
beam  dissipate  instability  on  electrons  in  the  DG.  Experiments  show  (see  oscillograms  fig.  5) 
that  passing  of  the  ion  beam  through  the  gap  can  be  unstable.  With  a  growth  of  la  current  it  is 
observed  increasing  of  current  onto  the  collector  which  is  followed  by  current  break.  When 
decreasing  accelerating  voltage  one  can  observe  analogous  breaks.  At  that  deformations  of 
collector  current  pulse  correlate  with  current  changes  on  the  extractor.  Beam  current 
instability  can  be  explained  qualitatively  on  the  base  of  carried  analysis.  It  is  important  to 
note  accelerating  MDG  in  accordance  with  calculations  can  operate  currents  exceeding 
essentially  the  Langmuir  limit.  Current  density  of  hydrogen  ions  on  the  extractor  (about  6 
A/cm^)  achieved  in  the  course  of  experiments  exceeds  the  Langmuir  density  of  the 
uncompensated  ion  beam  by  the  factor  more  than  order. 


Conclusion 

Thus,  in  this  work  it  is  proposed  and  experimentally  investigated  the  model  of 
magnetically  insulated  diode  gap  in  the  plasma  optical  mode.  It  is  shown,  that  use  of  such 
MDG  can  provide  unique  parameters  of  the  ion  beam  (current  ~6A,  current  density  -  6A/cm^ 
for  pulse  duration  about  lOOps  and  energy  20keV)  at  the  exit  from  the  extractor. 

This  work  was  supported  by  the  STCU  (pr.  #298)  and  SFBR  of  Ukraine  (No.  2.4/705). 
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EFFECTS  OF  AXIAL  CURRENT  IN  AN  EXTRACTION 
GEOMETRY  APPLIED-B  ION  DIODE* 


J.B.  Greenly,  D.  Sinars,  B.R.  Kusse 
Laboratory  of  Plasma  Studies,  Cornell  University,  Ithaca,  NY  14853  USA 


A  new  diode  voltage  monitor  has  been  developed  for  the  COBRA  (2.5  MV,  120  kA,  40 
ns)  accelerator.  It  consists  of  a  magnetically-insulated  transmission  line  (MTTL)  connected  on 
axis  across  the  extraction  geometry,  applied-B  ion  diode  gap.  The  monitor  is  connected  at  the 
cathode  (ground)  side  of  the  diode,  passes  through  the  3. 1  m  long  hollow  anode  electrode  of  the 
COBRA  four-stage  linear  inductive  voltage  adder,  and  then  terminates.  The  COBRA  MITL,  ion 
diode,  and  monitor  are  shown  in  Figure  1.  The  current  in  the  MTTL  wave  traveling  from  the 
diode  is  used  to  calculate  the  voltage  at  the  diode. 


Several  different  monitor  configurations  have  been  studied.  Both  105  olun  and  260 
ohm  vacuum  impedances  have  been  used,  with  the  MITL  monitor  terminated  in  either  a  short 
circuit  or  an  open  circuit  connection.  In  the  open  circuit  case  the  monitor  was  terminated  using  a 
60  cm  long  axial  polyacetal  rod.  To  measure  the  monitor  current  Bdot  loops  were  placed  at  45 
cm  and  280  cm  from  the  diode.  The  45  cm  location  is  used  to  infer  the  diode  voltage,  and  the 
other  location  provides  further  information  for  understanding  the  transmission  line 
characteristics  of  the  monitor.  With  the  shorted  termination,  the  reflected  wave  arrives  back  at 
the  diode  after  two  transit  times  of  the  monitor  (about  22  ns),  which  doubles  the  monitor  current 
and  further  reduces  available  diode  current.  The  wave  is  partially  transmitted  and  partially 
reflected  from  the  complex  diode  geometry.  This  complexity  makes  it  difficult  to  unfold  the 
diode  voltage.  The  most  useful  voltage  monitor  configuration  is  the  open  termination  at  the  far 
end.  It  is  observed  that  this  termination  eliminates  the  first  reflection  of  the  forward-going 
wave.  As  predicted  by  MITL  theory,  as  long  as  the  impedance  of  the  termination  is  Wgher  than 
the  self-limited  impedance  of  the  MITL,  the  vacuum  electron  flow  is  lost  at  the  lenmnalion  and 
there  is  no  reflected  wave.  The  Bdot  signals  at  45  cm  are  clearly  interpretable  as  simple 
forward-going  waves  for  about  35  ns.  After  this  time  a  high-frequency  component  appeare  on 
the  Bdot  whose  origin  is  not  understood.  The  inferred  voltage  is  unreliable  after  this  time. 


-919- 


Figure  2  shows  Bdot  signals  for  the  shorted  and  open  cases,  as  well  as  an  integrated  trace 
showing  the  current  doubling  of  the  reflected  wave  in  the  shorted  case. 

Figure  2  shows  an  unfolded  voltage  waveform  from  the  open  260  ohm  monitor.  The 
Bdot  waveform  is  integrated  to  get  the  MITL  current.  This  needs  to  be  multiplied  by  the 
effective  MITL  impedance  to  find  the  voltage.  For  the  waveform  shown,  the  effective  MITL 
impedance  used  was  175  ohms.  Time-of  flight  measurements  of  beam  ions  over  1  m  from  the 
diode  were  used  to  determine  the  voltage  at  one  point  on  the  waveform,  and  this  point  was  used 
to  scale  the  monitor  waveform  to  actual  voltage,  thus  determining  the  effective  MITL 
impedance.  Further  analysis  will  be  done  to  compare  the  Bdot  measurements  at  all  locations  to 
theory. 


2.5 

2.0 
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Figure  2.  A)  A  signal  from  a  Bdot  voltage  monitor  at  z  =  45  cm,  open  termination.  B) 
Voltage  waveform  (in  MV)  derived  from  the  integral  of  trace  (A).  C)  A  signal  from  the 
Bdot  voltage  monitor  with  shorted  termination.  D)  The  integral  of  trace  (C)  showing  the 
effect  of  the  reflected  wave.  The  current  nearly  doubles  as  the  reflected  wave  arrives  after 
150  ns. 

The  on-axis  MITL  monitor  conducts  15-  60  kA  depending  on  the  impedance 
configuration  used.  It  thus  imposes  a  controlled  and  variable  azimuthal  magnetic  field  in 
addition  to  the  radial  applied  insulating  field  in  the  diode  accelerating  gap.  Compared  to 
operation  without  the  line  on  axis,  the  addition  of  this  azimuthal  field  greatly  changes  the 
operation  of  the  diode;  it  reduces  the  ion  current  density  in  the  gap  by  up  to  factor  of  two,  it 
reduces  the  electron  loss  current  in  the  gap  by  more  than  a  factor  two,  and  it  decreases  the  time- 
integrated  microdivergence  of  the  ion  beam  from  the  diode  by  up  to  50%. 

Table  1  lists  the  currents  in  the  diode:  the  ion  and  electron  currents,  and  the  axial 
(monitor)  current,  as  well  as  the  results  from  a  time-integrated  microdivergence  diagnostic,  for 
several  different  values  of  axial  current  and  diode  insulating  field. 
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12  mm  gap 
V/Verit  “  2.0 

12  mm  gap 
V/Verit »  1.5 

10  mm  gap 
V/Verit »  1.5 

10  mm  gap 
V/Verit »  2.0 

I  axial  kA 

45 

none 

15 

none 

15 

15 

I  total  kA 

85 

90 

105 

95 

105 

I  electron  kA 

25 

10 

35 

20 

45 

40 

25 

I  ion  kA 

60 

35 

70 

60 

75 

55 

65 

Divergence 
mrad  HWHM 

50±10 

30  ±10 

48±5  31±3 

45±  5  42  ±3 

32±3 

Table  1.  Peak  currents  and  time-integrated  microdivergence  for  various  diode  conditions, 
with  and  without  axial  current.  The  time-integrated  divergence  is  in  the  radial  direction 
and  includes  all  radial  beam  sweeping,  so  is  an  upper  limit  on  the  actual  divergence. 

The  larger  monitor  current  clearly  has  stronger  effects,  but  at  the  expense  of  using  more  of  the 
available  current.  Clearly,  the  presence  of  die  axial  current  acts  to  limit  the  enhancement  of  ion 
current  density  in  the  gap  giving  lower  ion  current.  However,  this  reduction  in  enhancement  is 
accompanied  by  a  reduction  in  the  electron  loss  current  of  the  diode,  so  that  the  gap  efficiency 
(ratio  of  ion  to  ion  plus  electron  current)  is  actually  increased  with  the  axial  current.  The 
improvement  in  lime-integrated  microdivergence  is  clear,  but  the  question  remains  how  this 
relates  to  useful  beam  brightness  and  achievable  focused  power  density. 

The  first  time-integrated  diagnostic  used  a  set  of  three  azimuthal  slits  at  different  radii  to 
produce  collimated  beamlets,  which  impinged  upon  two  identical  targets  at  30  and  60  mm 
distances.  The  targets  were  ink  on  stainless  steel,  which  gave  a  reproducible  ablation  of  the  ink 

without  melt  of  the  stainless  at  about  1  J/cm^.  The  ink  was  less  than  8  mm  thick,  far  below  the 
range  of  2  MeV  protons,  so  the  ablation  threshold  is  rather  insensitive  to  ink  thickness  or  ion 
energy.  The  widths  of  the  ablated  regions  at  the  two  distances  were  fitted  by  a  gaussian  to  infer 
the  time-integrated  divergence  of  the  beamlets.  A  new  diagnostic  has  recently  been  developed 
to  give  time-resolved  information.  It  consists  of  an  azimuthal  slit  viewed  at  a  distance  of  61  mm 
by  a  linear  array  of  five  miniature  faraday  cups  with  2  mm  spacing  and  0.5  mm  apertures.  The 
cups  are  magnetically  insulated  by  a  samarium-cobalt  permanent  magnet.  The  five  cup  signals 
are  fitted  to  a  gaussian  every  0.4  ns  to  quantify  the  instantaneous  microdivergence  at  those 
times.  The  current  density  at  the  slit  is  also  found  using  the  cup  signals,  allowing  the 
determination  of  the  instantaneous  beam  brightness  at  the  slit  (in  current  density  over 
microdivergence  squared).  Figure  3  shows  early  results  from  this  diagnostic  for  a  shot  with  15 
kA  axial  current  and  a  second  shot  without  an  axial  current.  The  quditative  features  of  these 
plots  are  universal  for  all  diode  conditions.  As  the  ion  current  rises,  the  divergence  is  relatively 
low  and  the  brightness  steadily  grows.  At  or  after  peak  current,  however,  the  divergence  grows 
and  brightness  decreases  rapidly.  Quantitative  comparisons  of  cases  with  and  without  axial 
current  will  be  reported  in  the  near  future. 


*  Work  supported  by  Sandia  National  Laboratories  Contract  No.  AF-1660. 


Faraday  Cup  Position  in  mm 


Figure  3.  Data  from  the  time-resolved  microdivergence  diagnostic.  Two  shots  are 
shown,  both  with  a  10  mm  gap  and  VcritA^  of  about  1 .9.  The  plots  above  are  data  from 
the  Faraday  cup  array  for  these  two  shots,  with  fitted  Gaussians,  and  were  taken  just 
before  and  just  after  peak  power,  respectively.  Below,  the  first  shot,  indicated  with 
square  points  and  a  solid  line,  had  15  kA  of  axial  current.  The  second  shot,  indicated 
with  diamond  points  and  a  dashed  line,  had  no  axial  current.  The  plot  below  shows  the 
time  history  of  measured  microdivergence  and  brightness  for  the  two  shots.  Arrows 
indicate  the  forward  direction  of  time.  The  plot  for  the  shot  without  axial  current 
terminates  earlier  in  time  because  the  data  become  very  non-Gaussian  late  in  the  pulse. 
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Abstract 

Ion  beam  divergence  is  influenced  by  the  emission  profile  of  the  beam;  inhomogeneities  can 
stimulate  the  transition  from  the  stabilizing  diocrotron  mode  to  the  detrimental  high 
divergence  ion  mode.  Applied  fields  for  homogeneous  beam  emission  profiles,  which  differed 
in  strength  and  tilt,  were  designed  for  the  K  ALIF  Bgppi  diode.  Experiments  were  performed  on 
KALIF  with  these  fields.  They  resulted  in  the  lowest  divergences  ever  measured  with  this 
diode.  This  proves,  that  the  beam  emission  profile  is  a  controllable  key  variable  to  improve 
the  focusing  properties  of  the  beam. 

Introduction 

One  of  the  primary  limitations  for  the  maximum  power  density  Pmax  achievable  in  the  focus  of 
light  ion  diodes  continues  to  be  unacceptably  high  beam  divergence  0,  defined  as  the  half 
angle  of  the  emission  cone  of  a  beamlet  accelerated  in  the  diode.  For  extractor  type  ion  diodes 
Pmax  is  related  to  the  beam  brightness  B=JV/(7i:0^).  In  this  equation  V  is  the  acceleration 
voltage  and  J  the  ion  current  density.  Simulations  have  shown  that  the  beam  divergence  can 
be  reduced  by  improving  the  uniformity  of  the  ion  current  density  [1].  This  diode  type 
supports  two  large  amplitude  instabilities:  the  diocroton  mode  (high  frequency,  low 
divergence)  and  the  ion  mode  or  transit-time  instability  (low  frequency,  high  divergence). 
Extraction  diodes,  with  their  1/r  dependence  of  the  applied  magnetic  field,  are  especially 
susceptable  to  a  radial  skewing  of  the  ion  current  density,  which  can  stimulate  the  transition 
from  the  benign  and  stabilizing  diocrotron  mode  to  the  detrimental  high  divergence  ion  mode 
under  conditions  that  would  otherwise  favor  lower  divergence  [2].  Experiments  were 
performed  with  the  Bgppi  proton  diode  on  the  KALIF  accelerator  [3]  with  the  main  goal  to 

investigate  the  influence  of  various  applied 
magnetic  field  configurations  on  the  emission 
profile  of  the  beam  and  on  beam  divergence. 

Field  calculations 


The  ion  beam  current  density  Jj  of  an  extractor 
type  diode  (r,z  geometric)  is  Ji=x,(r)Jcid^(r)/g^(r) 
with  the  enhancement  x  depending  on  the  electron 
distribution  in  the  acceleration  gap  with  the 
geometrical  gap  width  do  and  the  Child  -Langmuir 
current  Jd.  The  term  d(r)/g(r)  -describing  the 
diamagnetic  compression-  goes  to  infinity  as  the 
diode  voltage  V  approaches  the  saturation  voltage 


'V 


Fig.l:  Calculated  stream  lines 
(SF;  solid,  DF:  dotted) 
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Fig.2: 


V*~l/r.  Hence  the  current 
density  peaks  for  larger  radii. 
'Tilting'  the  applied  magnetic 
field  may  compensate  for  these 
radial  variations  in  current 
density.  However,  the  amount  of 
tilt  required  for  uniform  emission 
depends  on  V  and  the  unknown 
electron  distribution  in  the  gap 
and  must  therefore  be 
investigated  experimentally.  This 
diode  model  was  added  to  the 
magnetic  diffusion  code 
ATHETA  [4]  used  for  the 
calculation  of  the  fields  of  the 
KALIF  Bappi  diode  under 
emission  conditions,  i.e  the 
magnetic  fields  in  the  diode  are 
due  to  externally  supplied 


Bappi  ion-diode  with  shadow  box  diagnostic. 

Dimensions  are  in  mm,  times  in  ps 

currents  through  the  inner  and  outer  field  coils  ( the  applied  field)  and  the  self  fields  due  to  the 
non-neutral ized  beam  in  the  acceleration  gap  (Fig.l). 

Applied  fields  which  differed  in  tilt  and  strength  were  achieved  by  seperating  the  inner  from 
the  outer  coil  and  connecting  them  to  independent  power  supplies  (double  feed  design,  DF) 
(Fig.2).  In  standart  type  single  feed  coils  (SF),  the  inner  and  outer  coil  are  connected  in  series 
to  a  common  supply.  For  the  DF  coils,  the  required  compensation  of  the  diffusion  of  the  fast 
insulating  field  (currents  Ipic.  Ipoc)  into  the  anode  is  achieved  by  slow  currents  with  opposite 
polarity  (Isic»  Isoc)-  The  KALIF  pulse  is  fired  at  the  time  both  currents  reach  their  maximum. 

For  the  SF  arrangement,  the  calculated  stream 
lines  T  show  a  strong  radial  dependence  in 
contrast  to  the  DF  case  (Fig.l).  Consequently, 
the  calculated  current  density  for  the  DF  case  is 
much  more  uniform  (Fig.3).  This  should  be 
observable  in  the  FC  measurements. 
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Position  of;  FC,  FC. 

Fig.3:  Calculated  Vcru  and  current  emission 
profile  Jj  for  a  single  feed-  (SF,  solid) 
and  a  double  feed  (DF,  dotted)  coil 


Diagnostics 

The  main  beam  diagnostics  consisted  of 
magnetically  insulated  Faraday  cups  (FC)  and 
a  pin  hole  camera.  The  maximum  tolerable 
pinhole  diameter  in  the  front  plate  of  the  FC's 
(Tungsten,  0.2mm  thick)  was  just  0.2mrn  due 
to  the  high  expected  current  densities  /up  to 
6kA/cm^.  In  each  experiment  a  set  of  6  FC's 
was  placed  on  3  radial  (inner,  middle,  out)  and  2  azimuthal  positions.  The  signals  of  the  cups 
were  routinely  recorded  with  a  bandwidth  of  500MHz,  2  channels  with  a  bandwidth  of 
4.5GHz  were  available.  The  upper  frequency  limit  for  the  cups  itself  was  estimated  to  be  at 
least  2GHz. 

The  time  integrated  beam  focusing  properties  were  achieved  from  track  patterns  on  a  CR39 
film  placed  in  a  pin  hole  camera,  covered  by  a  10pm  thick  Al-foil  (Fig.2).  Beamlets  (6  or  12) 
were  cut  out  of  the  main  ion  beam  by  0.7mm  diameter  holes  in  a  stainless  steel  aperture  plate. 
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placed  5mm  downstream  of  the  1.5pm  thick  Mylar  foil  closing  the  drift  space.  The  interaction 
of  the  beamlets  with  a  2.5pm  thick  Ni  foil  produced  Rutherford  scattered  prptpj^^^yhkft  jn 
turn  impact  on  the  CR39  film.  The  higher  energy  impact  patterns  on  the  film  ( ^  ‘  1 6pm 

Al-foil)  were  determined  with  an  automatic  track  counting  system  [5]. 


SF  (solid)  compared  to  DF  (dotted) 


Fig.5:  Frequency  analysis  of  2  FC  signals 
placed  on  the  same  radius  (out) 
and  recorded  with  4. 5 GHz 
SF:  up,  DF:  down 


Results 

The  signals  of  the  Faraday-cups  showed 
that  the  beam  emission  in  SF  and  DF 
experiments  started  independently  from 
the  radius  at  the  same  time  and  with  the 
same  slope  (Fig.4).  In  SF  experiments  the 
emission  from  the  inner  radii  starts  to 
saturate  about  25ns  after  current  onset 
while  the  middle  and  outer  areas  continue 
rising  up  to  about  3.5kA/cm^.  In  contrast 
to  the  inner  and  middle  areas,  emission 
from  outside  starts  increasing  again  and 
reaches  up  to  4.5kA/cm  .  The 
corresponding  signals  measured  in  DF 
experiments  showed  improved  beam 
homogeneity:  they  extended  over  a 
longer  time  period  but  with  reduced 
current  densities,  showed  less  time 
dependent  structures  and  less  radial 
differences.  This  emission  structure  for 
both,  SF  and  DF  experiments,  fits  well  to 
the  calculated  stream  lines  (Fig.l)  and 
the  calculated  current  densities  (Fig.  3). 
Compared  to  SF  experiments,  the 
fluctuations  in  the  signals  of  the  FC's  in 
DF  experiments  were  found  strongly 
reduced.  The  frequency  spectra  of  SF 
experiments  showed  strong  contributions 
in  the  range  around  1 .3  GHz  which  could 
not  be  observed  in  DF  experiments. 
Phase  shift  relations  between  FC  signals, 
which  might  be  caused  by  azimuthally 
propagating  current  fluctuations 
procuced  by  instabilities,  were  identified 
for  SF  experiments  only.  If  these 
correlated  signal  fluctuations  from  1.2  to 
1.3  GHz  are  due  to  the  ion  mode 
instability  the  inverse  fourier  transforms 
give  the  time  of  the  occurence  of  this 
instability.  It  starts  first  at  about  current 
maximum,  th^^decreases  and  reaches  a 
second  maximum  at  late  times.  The 
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Fig.6:  Patterns  on  the  CR39  films  from  a  SF-(left)  and  a  DF  experiment  (right). 
The  transition  from  dark  to  light  shows  the  50%  level  for  each  spot 


transit  time  of  the  signal  fluctuations  in  this  frequency  range  is  around  2ns  for  a  distance  of 
28mm  between  the  outer  FC’s.  This  corresponds  to  a  velocity  of  xcm/ms  or  c/20.  However, 
the  statistical  basis  for  these  numbers  must  be  considered  as  rather  limited. 

The  analysis  of  theCR39  images  showed  for  all  DF  experiments  performed  so  far  a  reduction 
of  the  spot  size  and  hence  less  beam  divergence.  The  best  result  was  a  divergence  of  16mrad 
(average  over  all  beamlets  spots  in  one  experiment)  compared  to  26mrad  achieved  in  SF- 
experiments  (Fig.6).  Since  their  influence  proved  to  be  negligible,  these  divergence  numbers 
were  achieved  without  using  any  pinhole  correction  factor. 

Summary 

The  experimental  results  achieved  so  far  are  in  excellent  agreement  with  the  predictions;  the 
magnetic  beam  profiles  designed  for  uniform  current  substantially  improved  the  radial 
homogeneity  of  the  ion  current,  dramatically  reduced  the  amplitude  of  the  fluctuations 
attributed  to  the  ion  mode  instability,  resulted  in  the  lowest  beam  divergences  yet  measured 
on  KALIF  (17mrad  vs.  26mrad)  and  finally  produced  considerably  less  damage  on  the  diode 
hardware.  The  'optimum'  field  profile  was  probably  yet  not  achieved  because  -due  to 
problems  with  the  field  coils-  only  a  part  of  the  considered  parameter  settings  could  be 
investigated.  Therefore  these  experiments  should  be  continued.  However,  the  results  achieved 
so  far  showed,  that  the  ion  beam  current  density  profile  is  one  controllable  key  variable  in  ion 
diode  performance. 
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Important  issues  for  development  of  high  power  ion  induction  accelerator  are 
discussed  hosed  on  some  experimental  results.  For  cost  effective  magnetic  core  selection,  B-H 
characteristics  of  various  ferromagnetic  materials  were  evaluated  as  a  function  of  magnetization 
rate.  To  stabilize  the  fluctuation  of  ion  flux  from  a  grid-controlled  vtKuum  arc  ion  source,  a  laser 
triggering  was  utilized.  It  can  supply  stable  ion  flux  up-to  lO’s  /i-sec  level.  For  high 
current  and  long  pulse  ion  injection  of  A( ampere )-  /i  sec  level,  a  plasma- gun-type  injector  was 
also  developed.  A  laser  produced  plasma  is  scheduled  to  be  tested  as  a  high  flux  point  ion 
source  of  sub-  ji  sec  pulse  level. 

1 .  Introduction 

For  induction  linac  approach  to  Heavy  Ion  Fusion  (HIF)[1,2],  an  ion  source  which 
can  supply  more  than  10'  “’  ions  per  pulse  is  of  crucial  importance.  To  avoid  space  charge  blow 
up,  the  beam  pulse  should  be  longitudinally  compressed  from  pulse  length  r  of  a  few  ii  sec- 
A(Ampere)  level  to  ~10nsec  through  an  order  of  10^  induction  module  units [3, 4, 5].  For  cost 
effective  core  size,  we  should  utilize  full  llux  swing  of  the  magnetic  materials,  then  (dB/dt)  r 
=2Bs.  Therefore  we  need  precise  voltage  modulation  for  the  longitudinal  compression  of  the 
beams  and  the  magnetic  cores  must  accept  a  wide  range  of  operating  parameters [6, 7].  This 
means  we  have  to  know  precise  B-H  characteristics  of  the  magnetic  materials  especially  at  high 
magnetization  rate. 

2.  Magnetization  Characteristics  of  Laminated  Ferromagnetic 
Materials  at  High  Magnetization  Rate 

In  conventional  induction  linac  approach  for  HIF,  the  expected  operational  range  of 
dB/dt  of  the  magnetic  cores  extends  from  0.  1T/m  sec  at  low- /3  injector  stage  to  more  than 
lOT/  II  sec  at  the  final  stage.  From  the  point  view  of  construction  cost  and  cost  effective  core 
size,  finding  the  compact,  low  cost,  and  low  loss  magnetic  materials  is  essential.  In  order 
to  evaluate  suitable  magnetic  cores  at  each  acceleration  stage,  we  investigated  B-H 
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2, 


Material 

Elements 

Core. No. 

d(Mm) 

Silicon  Iron 

Fe-(3%)Si 

GTIOO 

100 

Fe-(3%)Si 

GT  SO 

50 

Fe-(6.5%)Si 

EX  10 

100 

Fe-(6.5%)Si 

EX  05 

50 

Amorphous 

ACO-5H(Co) 

NGT975-1 

20 

FT-IAH(Fe) 

NGT975-4 

20 

Finemet 

FT-1H 

NGT975-7 

20 

FT-IH 

NGT97S-10 

12 

Table- 1  Ferro-magnetic  materials 
tested  in  this  study 


1 

A  s  ' 

'/// 

•  B=1.0fi/.t] 

o  s  4.0 

A  =  8.0 

'  =  12.0 

" 

N 

U  * 

.4  ' 

. _ 

J _ 1 _ 

■  1000  ^  2000 


H  A/m 

Fig.l  Typical  magnetization  curves 
for  laminated  material  (NGT  975-10) 


characteristics  (^f  various  laminated  materials  over  a  wide  range  of  magnetization  rate.  Table- 1 
shows  the  ferromagnetic  materials  tested  in  this  study.  Typical  magnetization  curves  for 
Finemet  of  12  /z  m  thickness  are  shown  in  Fig.l,  with  magnetization  rate  [T//Z  sec]  as  a 
parameter.  Although  the  magnetization  levels  were  vastly  different,  qualitative  behavior  of 
those  magnetic  materials  v\'as  very'  similar.  As  had  been  pointed  out  in  ref[8],  the 
magnetization  curves  ol  laminated  core  materials  could  be  normalized  by  d^/  />  at  high 
magnetization  rate[  11]. 


3 .  Development  of  Long-Pulse  and  High-Flux  Ion  Injectors 

If  the  plasma  source  of  density  ni  and  electron  temperature  Te  is  stationary,  the 
extractable  ion  current  is  limited  by  the  Bohm  current  Jj,=0.4eni(2kTe/mi)''l  So  to  maintain 
the  ion  emission  surface  at  proper  position,  the  extraction  curent  strictly  match  the  plasma  flux 
Jjj  for  a  few  //.-sec  time  duration.  One  way  to  avoid  this  difficulty  is  to  extend  the  cross 
sectional  area  of  the  ion  source  by  a  grid-ccmtrolled  structure  [9,10].  Another  w'ay  is  to  use  a 
drifting  plasma.  If  the  source  plasma  has  dnft  velocity  of  v^,  it  can  upgrade  the  current  limit  to 
the  llux  ol  drifting  plasma  as  J—entyj.  Although  the  plasma  pre-fills  the  acceleration  gap, 
which  recovers  to  normal  high  impedance  mcxle  after  a  transient  gap  opening  phase[ll].  With 
pla.sma  injection  and  prc-filled  configuration,  we  can  expect  to  get  high  flux,  stable  ion  beams. 

3-1  Laser  Triggered  Grid-Controlled  Vacuum  Arc  Ion  Source 

Conventional  vacuum  arc  ion  semrees  generally  use  surface  llashover  triggering[9]. 
They  have  intrinsic  fluctuation  caused  by  the  uncertainty  of  initiation  and  movement  of  cathode 
arc  spots.  The  flashover  trigger  contaminates  the  cathode  surface  [10]  and  spoils  a  reliable 
operation. 

To  overcome  these  dif  ficulty,  a  laser  triggering  was  tested.  A  schematic  diagram  of 
the  laser  triggered  vacuum  arc  ion  source  is  shown  in  Fig. 2.  A  frequency  doubled  YAG  laser 
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Fig. 2  Schematic  of  laser  triggered  vacuum  Fig. 3  Concept  of  electro-magnetically 
arc  ion  source  accelerated  point  plasma  .source 

of  60mJ- lOnsec  level  (Continuum  Model  NY-60B)  is  used  as  the  triggering  source.  The  2  o)- 
laser  irradiates  the  cathode  surface  at  65  degrees  with  respect  to  the  normal.  The  laser 
triggering  could  improve  the  initial  positioning  and  tnggering  probability  of  the  arc  spot,  and 
was  almost  free  from  the  contamination  problem  on  the  cathode  surface[10]. 


3-2  Point  Plasma  Injectors 

In  order  to  overcome  the  Bohm  current  limit,  we  should  accelerate  the  ion  source 
plasma  as  fast  as  possible.  We  tested  the  tapered  capillary  Z-discharge  for  compression  and 
acceleration  of  the  bulk  plasma[12].  A  schematic  of  the  electro-magnetically  accelerated  point 
ion  source  is  shown  in  Fig.3.  In  the  tapered  capillary,  a  converging  current  sheet  sequentially 
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compresses  and  accelerates  the  plasma  After  that,  it  expands  as  a  drifting  Maxwellian  from 
the  point  source.  For  more  reliable  operation,  we  are  going  to  test  a  laser  plasma  as  the  high 
llux  p(iint  source. 

3-3  Development  of  a  4-mcxiulc  I nduction  U nit 

We  are  developing  a  4-mcxlule,  long-pulse  ion  induction  accclerakir  at  TIT.  The 
accelerator  has  4  inductive  acceleration  units.  Each  unit  is  composed  of  a  ferrite  core  of 
2xl0'^volt-sec  and  a  coaxial  water  line  of  12.5  ohm-30()nsec.  Here  our  emphasis  is  placed  on 
the  development  of  high  current,  low  emittance  and  reliable  ion  injector;  especially  on  the  laser 
source,  and  a  realistic  scheme  for  the  ion  beam  transport  at  low-  ft  region  is  the  next  step  issue. 

4.  Concluding  Remarks 

Various  magnetic  materials  were  investigated  as  a  function  of  magnetization  rate.  The 
results  indicated  that  all  of  the  magnetization  curves  of  laminated  materials  at  high  magnetization 
rates  could  be  explained  by  the  saturation  domain  mexJel.  Although  low  a:)st  materials  with 
high  magnetic  saturation  induction  are  assexiated  with  high  magnetic  losses  due  to  induced  eddy 
currents,  we  should  select  proper  magnetic  materials  with  minimum  cost  and  size  depending  on 
the  acceleration  stage. 

The  laser  triggering  could  improxe  the  positioning  of  the  cathtxle  arc  spot  and 
dramatically  reduced  the  contamination  problem  (if  conx  entional  vacuum  arc  ion  sources.  For 
high  llux  and  low  emittance  ion  source,  a  scheme  which  use  electro-magnetically  accelerated  or 
laser  produced  point-expanding  plasma  was  proposed.  We  are  going  to  start  the  acceleration 
experiments,  using  a  4-unit  long  pulse  induction  accelerator,  from  this  summer. 
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1.  At  present,  several  methods  of  obtaining  high-current  ion  beam,  which  are  based  on  the 
use  of  induction  accelerators  and  are  applied  to  inertial  controlled  fusion  (ICF)  research,  are 
being  considered  [1-3],  To  date,  kiloampere  ion  beams  with  energies  of  several  hundred  keV 
have  been  produced  in  high-current  linear  induction  accelerators  (linac)  with  collective  focus¬ 
ing  [4-6],  The  power  of  HHCIBs  for  ICF  purposes  must  be  several  orders  greater,  with  rather 
stringent  requirements  on  beam  brightness.  Therefore,  when  developing  a  driver  for  ICF  on  the 
basis  of  a  high-current  linac,  it  is  necessary  to  investigate  a  number  of  important  physical 
problems:  (1)  the  formation  of  high-current  beams  in  injector;  (2)  the  provision  of  efficient 
magnetic  insulation  for  accelerating  gaps;  (3)  charge  compensation  of  the  ion  beam  in  the 
transport  channel  and  in  the  magneto-insulated  accelerating  gaps;  (4)  effective  acceleration  and 
stability  of  the  ion  beam  in  accelerating  channel;  and  (5)  transport,  focusing,  and  space-time 
compression  of  HHCIBs. 

In  linac,  the  conventional  way  of  charge  and  current  compensation  [7,  8]  is  inefficient.  In 
[9,  10],  a  new  mechanism  for  the  neutralization  of  HHCIBs  in  axially  symmetric  magneto- 
insulated  gaps  was  proposed.  Its  physical  meaning  is  that  a  specially  injected  compensating 
electron  beam  drifts  through  the  cusp  due  to  self-consistent  azimuthal  magnetic  field  and  an 
electric  field  caused  by  a  small  radial  separation  of  ion  and  electron  beams. 

During  the  last  six  years,  we  carried  out  systematic  investigations  of  the  dynamics  of  rela¬ 
tivistic  electron  and  nonrelativistic  ion  beam  propagation  in  both  an  electric  field  and  an  axi- 
symmetric  nonuniform  magnetic  field.  In  [11-13],  the  investigation  results  of  the  acceleration, 
and  the  charge  and  current  compensation  of  HHCIBs  in  one  and  two  linac  cusps  are  reported. 
These  results  have  shown  that  both  in  the  presence  and  in  the  absence  of  an  accelerating  elec¬ 
tric  field,  the  following  effects  take  place;  (1)  charge  and  current  compensation  of  HHCIB  in 
the  accelerating  gaps;  (2)  stability  of  the  ion  beam  during  times  that  substantially  exceed  the 
inverse  ion  Langmuir  and  Larmor  frequencies. 

The  performed  numerical  simulations  have  also  shown  that  a  required  charge  neutraliza¬ 
tion  of  the  ion  beam  is  only  achieved  within  accelerating  gaps  of  linac.  In  the  drift  space  be¬ 
tween  two  accelerating  gaps  the  current  and  charge  compensation  of  the  ion  beam  proved  to 
be  insufficient  because  of  a  substantial  difference  in  the  electron  and  ion  velocities  acquired  up 
to  the  time  of  the  transit  of  the  beams  through  the  drift  gap.  As  a  result,  the  positive  potential 
of  the  self-consistent  field  in  the  drift  space  leads  to  the  spread  and  deceleration  of  the  ion 
beam  and,  consequently,  to  the  degradation  of  the  beam  brightness.  The  positive  space  charge 
in  the  drift  gap  can  be  compensated  by  injecting  thermal  electrons  into  it.  In  [14-16],  several 
ways  of  the  cold  electron  injections  for  the  space  charge  suppression  of  HHCIBs  in  the  drift 
gap  of  a  linac  were  investigated.  It  was  shown  that  a  preliminary  injection  of  cold  electrons 
permits  to  eliminate  broadening  and  decelerating  an  ion  beam  in  the  drift  gap  and  to  provide  its 
additional  focusing. 

Decreased  to  minimum  of  the  negative  influence  of  the  self-consistent  fields  we  will  try  to 
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optimize  the  process  of  the  ion  beam  acceleration. 

In  this  work,  the  investigation  directed  to:  (1)  reaching  of  the  optimal  relation  between  the 
external  electric  field  parameters  and  the  compensating  electron  beam  parameters;  (2)  defining 
of  the  optimal  thickness  of  annular  beam  at  which  the  ion  beam  is  effectively  accelerated  and  at 
a  time  is  remaining  compensated  and  not  losing  a  stability. 

2.  To  describe  the  collisionless  plasma  dynamics  of  beams  the  set  of  relativistic  Vlasov's 


equations  for  the  distribution  functions  of  particles  f^[P,R,t))  in  the  axisymmetric  [djdG  =  o) 
cylindrical  geometry  R  =  (r,z)  has  been  used  for  the  investigation  of  the  transient  and  station¬ 
ary  processes  in  linac  (here  P  momentum).  The  self-consistent  electric  E{r,z)  and  magnetic 
B{r,z)  fields  including  in  Vlasov's  equations  are  determined  by  the  Maxwell's  equations,  the 
right  hands  of  which  are  defined  as  the  zeroth  and  first  moments  of  the  distribution  functions. 

From  the  set  of  Vlasov's  equations  can  be  obtained  the  set  of  the  dynamic  equations  for 


the  particles.  The  Maxwell's  equations  using  the  Lorentz  gauge 


div^  + 


1  m>  \ 
= 


can  be 


reduced  to  the  wave  equations  for  the  scalar  <t>{r,z)  and  vector  A{r,z)  potentials. 

The  units  of  measurement  using  in  the  treatment  are  determined  by  relations:  [v]  =  c, 
[q\=e,  [r,2]  =  c/(y^,,  [t]  =  co;l,  M  =  M  =  /Wo,  [^,a]  =  je ,  [j]  =  en,^, 

[f„]  =  WoC^  [^o]  =  =  ,  where  M  =  yv,  v  =  [f,r0,z}, 

y/  =  =  Pg-^rAy,  {Pg  is  the  dimensionless  generalized  particle  momentum), 

Y  =  -^/l  +  M,^ +v]  is  the  relativistic  factor,  >s  the  electron  plasma 

frequency,  are  the  initial  density,  rest  mass  and  charge  of  the  electrons  respectively, 

is  the  temperature  of  cold  electrons.  The  initial  velocity  of  a  given  sort  (s)  of  particles  is 
defined  by  the  boundary  conditions  for  the  distribution  functions  at  z  =  0: 

/,(fn,u,R,i)  =  S(u^}s(u,  -  UojB(ug)  for  <r<r^^  and  >  0 .  Here  and  are  the 
minimum  and  maximum  beams  radii  respectively  which  define  the  initial  r-coordinates  of  parti¬ 
cles,  i/o,  =  is  a  beams  velocity.  At  (r  =  0 ,  r  =  )  the  reflection  regime  is  set. 

The  particles  exit  free  from  the  simulation  region  at  z  =  .  At  the  initial  time  the  particles  are 

absent  in  modeling  region. 

The  set  of  equations  and  the  initial  and  boundary  conditions  for  the  potentials  and  dis¬ 
tribution  functions  are  described  in  detail  in  [15], 

The  configuration  of  the  external  magnetic  field  is  defined  by  the  expression 
Ag  =  I^{kr)co^kz) ,  where  /,(Ar)  is  the  first  order  modified  Bessel  function,  Bf^  is  the 

amplitude  of  magnetic  field,  and  k  -  K  Kjz^^ ,  K  is  total  number  of  cusps. 

The  discrete  model,  which  is  developed  for  the  study  of  both  relativistic  and  nonrelativistic 
axisymmetric  plasma  configuration,  is  realized  as  2. 5 -dimensional  axisymmetric  numerical 
code.  The  calculations  were  carried  out  using  Pentium- 133. 

In  simulation  of  the  thick -walled  high-current  ion  beam  acceleration  in  linac  for  searching 
the  optimal  relation  between  the  parameters  of  the  accelerating  electric  field  and  the  compen¬ 
sating  electron  beam  energy  the  potential  difference  across  the  accelerating  gap  and  the  energy 
of  the  relativistic  electron  beam  were  varied.  Hollow  magnetized  relativistic  electron  beam 
(Larmor  radius  is  substantially  smaller  than  the  size  of  the  cusp  and  the  chamber  radius 
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and  high-current  unmagnetized  ion  beam  (Larmor  radius  is  more  greater  and  r^) 
were  injected  along  z-axis.  In  all  cases  the  beam  current  densities  were  equal  to 
^e^oeK  ~  beam  velocity  was  V.  =  0.285 .  The  minimum  and  maximum  beams 


Fig,  1 .  Distribution  of  the  total  charge  density  p{r,  z) ,  the  scalar 
potential  0(a-,z)  and  the  total  axial  current  densities  at 

t  =  440a) for  the  case  with  additional  electron  injection  into  drift  gap 
and  thick-wall  ion  beam. 


=  64 ,  A/;  =  180 .  The  number  of  the  nodes  was  equal  to  (./,  x 


radii  were  r-  =30 

min 

and  The 

size  of  one  cusp  and 
radius  of  the  cham¬ 
ber  were  L^=1S.5 
and  =157.5  re¬ 
spectively.  The  am¬ 
plitude  of  the  exter¬ 
nal  field  was 
=  1.76 .  The 
mass  ratio  was 
mjm^  =100, 

=  20/Wq  .  The 
number  of  particles 
in  the  cell  was 
(64  X  64) .  The  time 


step  was  varied  within  the  range  0.025  -  0.05cy^j 


for  solving  the  equations  of  motion  and 


0.0 125- 0.0256)  J  when  solving  the  wave  equations.  The  parameters  of  the  electron  and  ion 

beams  have  satisfied  the  condition  of  the  electron  beam  transport  together  the  ion  beam 
through  the  magnetoinsulated  accelerating  gap  (v^  =  0.8 0.85).  The  preliminary  injection  of 
the  thermal  electrons  with  the  Maxwellian  distribution  function  with  the  temperature 
7^^  =  0.002  into  drift  gap  was  used.  The  calculations  were  continued  in  during  about  ten  recip¬ 
rocal  Langmuir  ion  frequency. 

Further  (below)  the  results  of  three  cases  distinguished  by  the  potential  difference  across 
one  cusp  are  discussed.  Fig.l  illustrates  the  distribution  of  the  total  charge  densities  p(/',z), 
the  scalar  potential  0(r,z)  and  the  total  axial  current  densities  j^{r,z).  The  distributions  pre¬ 
sented  in  fig.  1  show  that  the  applied  external  electric  field,  which  accelerates  ions  and  retards 
electrons,  does  not  prevent  the  electron  beam  drift  through  the  accelerating  gaps.  From  the 
functions  it  is  clearly  seen  that  not  only  the  charge  but  also  the  current  compensation 

of  the  ion  beam  occur.  The  distribution  functions  /(v)  of  the  electron  and  ion  beams  illustrate 
that  the  ion  beam  generally  retains  monoenergetic  shape,  because  its  spread  in  and  v,.  does 
not  exceed  10%.  The  electron  beam  spread  in  the  velocities  is  nearly  100%,  but  this  does  not 
prevent  the  charge  compensation  of  the  ion  beam  by  electrons. 

The  preliminary  injection  of  the  thermal  electrons  into  the  drift  gap  upgrades  the  charac¬ 
teristics  of  HHCIB  as  shown  in  fig.2  in  which  the  time  dependencies  of  the  mean  ion  beam  ve¬ 
locities  for  the  case  without  the  thermal  injection  (*),  and  with  one  for  two  cases  of  the  poten¬ 
tial  difference  (0),  and  (+)  are  presented. 

As  a  result  of  increasing  the  difference  potential  across  the  accelerating  gap  up  to 
AC)  =  30.0  (the  electron  beam  velocity  v^=0.8,  yx\.7)  in  variant  (c)  the  kinetic  energy  of 

electron  beam  was  ={y  -  <  eA<i>l2 .  This  case  has  demonstrated  that  the  electrons 

localize  mainly  in  the  first  part  of  the  cusp.  The  ion  beam  is  accelerated  at  first  and  then  one  is 
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^  Vi-  .(c) 


Fig.  2.  Distribution  of  the  mean  ion  velocity 
(f^  (/))  versus  time:  (*)  -  without  thermal  injection 


decelerated  as  seen  in  fig.  2  (+).  The 
thermal  electrons  can  not  neutralized  the 
space  charge  and  current  of  the  ion 
beam. 

More  optimal  relation  between  the 
potential  difference  A<I)  =  15.0  and  the 
electron  beam  energy  was  at  the  pa¬ 
rameters  =  0.85,  X  »  1-9 .  The  kinetic 
energy  of  electron  beam  »  1 8.0  was 
sufficient  to  overcome  the  potential  dif¬ 
ference.  As  a  results  the  ion  beam  is  ac¬ 
celerated  and  then  its  velocity  is  a  con¬ 
stant  (v,  )w30.0  in  all  time  of  simula- 


into  accelerating  gap;  (+)- with  injection  and  (fig  2.0).  Fig.l  illustrates  that  the 

without  accelerating  field;  (0)  -  with  injection  and  self-consistent  field  of  the  positive 
accelerating  field  charge  is  suppressed,  and  an  additional 

focusing  of  ion  beam  by  the  negative 
space  charge  of  the  thermal  electrons 

occur  also.  As  a  result  the  better  characteristics  of  the  ion  beam  can  be  produced  in  linac. 

3.  Results  of  the  2.5-dimensional  numerical  simulation  of  the  hollow  high-current  ion 
beam  (HHCIB)  dynamics  in  two  magnet-isolated  accelerating  gaps  separated  by  the  drift  gap 
are  presented.  The  previous  study  has  shown  that  the  good  charge  and  current  compensations 
of  the  ion  beam  by  the  specially  injected  in  accelerating  gap  electron  beam  and  the  thermal 
electron  injection  into  drift  gap  of  the  induction  linac  occur.  With  the  aim  of  increasing  the  ion 
beam  acceleration  rate  in  the  two  cusps  linac  we  have  studied  the  optimal  correlation  between 
an  accelerating  electric  field  and  an  electron  beam  energy.  We  obtained  the  restriction  on  the 
wall  thickness  of  annular  HHCIB  which  ensure  the  following:  (1)  charge-  and  current  compen¬ 
sation  is  homogeneous  on  the  ion  beam  cross-section;  (2)  a  penetration  depth  of  the  accelerat¬ 
ing  electric  field  is  considerably  greater  than  the  beam  wall  thickness. 
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Abstract.  The  Karlsruhe  Light  Ion  Facility  KALIF  generates  proton  pulses  of  typically 
50  ns  duration  with  proton  energies  up  to  1.7  MeV  and  currents  between  0.2  and  0.4 MA. 
The  protons  are  focussed  on  thin  Aluminum  foils  thus  generating  specific  energy  densities 
of  a  few  MJ/g,  pressures  of  up  to  60  GPa  and  temperatures  of  about  20  eV  in  the  targets. 
Time  resolved  velocity  measurements  are  used  to  study  the  hydrodynamic  response  of 
ablatively  accelerated  foils,  and  plasma  temperatures  are  determined  from  K„  emission 
spectroscopy.  We  compare  radiation  hydrodynamic  models  and  synthetic  K„  spectra  with 
the  measurements  in  order  to  deduce  details  about  the  beam  history  of  the  KALIF  diodes. 


1.  Introduction 

In  foil  acceleration  experiments  performed  at  KALIF  Aluminum  foils  with  initial  thicknesses 
larger  than  the  proton  range  are  irradiated  with  intense  proton  beams.  A  dense  plasma  forms 
in  the  proton  energy  deposition  zone  and  the  corresponding  ablation  pressure  accelerates  the 
remaining  solid  and  cold  part.  The  rear  surface  velocity  of  these  foils  is  recorded  with  a  space 
and  time  resolving  laser-Doppler  velocimeter. 

In  a  different  experiment  subrange  targets  are  completely  evaporated  by  the  proton  beam 
thus  forming  an  almost  homogeneously  expanding  plasma.  In  this  plasma  K-shell  electrons  are 
removed  by  direct  impact  of  beam  particles.  As  the  K-shell  vacancies  are  spontaneously  filled 
by  L-shell  electrons,  K,,  lines  are  observed  in  emission,  the  satellite  structure  of  which  is  related 
to  the  degree  of  collisional  ionization  and  can  be  used  for  temperature  estimates. 

In  the  following  we  present  a  comparison  of  measured  and  calculated  target  velocities  for 
the  selfmagnetically  insulated  Be  diode  (Section  2)  and  for  the  applied  B  diode  (Section  3) 
currently  used  at  KALIF.  The  computations  are  based  on  1 D  radiation  hydrodynamic  models 
with  the  code  KATACO  [1]  taking  into  account  realistic  beam  angle  and  energy  distributions 
of  the  protons  along  the  KALIF  beam  history.  The  state  of  Aluminum  is  described  by  the 
wide  range  equation  of  state  given  in  [2],  and  radiation  transport  is  treated  in  the  diffusion 
approximation  with  LTE  opacities  provided  by  the  code  EOSOPC  [3]  for  100  frequency  groups. 
Ky  spectra  are  computed  in  a  postprocessing  step  to  be  described  in  Section  4. 

2.  Foil  acceleration  experiments  with  the  B©  diode 

Fig.  1  shows  experimental  results  (symbols)  and  computational  simulations  (solid  lines)  of  foil 
acceleration  experiments  with  A1  foils  of  33,  50  and  75  pm  initial  thickness  performed  with  the 
Be  diode.  Once  the  protons  start  to  deposit  their  energy  and  heat  the  target,  the  corresponding 
plasma  pressure  drives  a  compression  wave  into  the  remaining  solid  part.  At  the  rear  surface 
of  the  foil  the  compression  wave  is  reflected  as  a  release  wave  running  back  into  the  target, 
the  release  wave  is  reflected  at  the  ablation  plasma  bounday  as  a  compression  wave,  and  so 
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Figure  1 :  Measured  (symbols)  and  computed 
(solid  lines)  rear  surface  velocities  of  Alu¬ 
minum  foils  with  33,  50  and  75  /xm  initial 
thickness  during  irradiation  with  the  Be  pro¬ 
ton  beam 


time  [ns] 

Figure  2:  Dashed:  Experimentally  deter¬ 
mined  time  history  of  the  B©  proton  beam 
at  the  target.  Solid  lines  exemplarily  show 
the  beam  parameters  used  for  the  simulation 
of  the  50  /xm  foil  in  Fig.  1 


on.  These  wave  reverberations  lead  to  a  stepwise  increase  of  the  target  velocity  whenever  the 
compression  wave  reaches  the  rear  surface. 

The  average  beam  history  of  the  B©  diode  derived  from  electrical  signals  is  shown  by  dashed 
lines  in  Fig.  2.  Solid  curves  exemplarily  demonstrate  the  modifications  necessary  to  simulate 
the  50  /xm  foil  of  Fig.  1 .  The  models  take  into  account  a  distribution  of  proton  impact  angles 
between  20°  and  40°  with  respect  to  the  target  normal  due  to  the  ballistic  focusing  of  the  diode 
as  well  as  a  Gaussian  distribution  of  proton  energies  with  a  FWHM  of  20  %  of  the  average  value. 
According  to  recent  measurements  with  a  magnetic  energy  analyzer  the  average  proton  energy 
has  been  reduced  by  8  %.  The  proton  current  density  has  been  increased  by  10  %  accordingly 
to  keep  the  experimentally  determined  peak  power  density  of  0.15  (±  0.05)TW/cm^.  The  ion 
current  density  was  slightly  increased  additionally  between  5  and  15  ns  of  the  pulse  in  order  to 
get  a  correct  height  of  the  first  two  velocity  plateaus.  Furthermore,  we  introduced  a  local  current 
minimum  at  about  30  ns  which  leads  to  an  early  decoupling  between  the  beam  energy  input  and 
the  accelerated  foil.  This  decoupling  is  visible  as  a  kink  in  all  experimental  velocity  data,  it  is 
the  more  pronounced  the  smaller  the  accelerated  mass  is  (see  e.g.  the  arrow  at  ^  =  14  ns  for  the 
33  /xm  foil  in  Fig.  1).  Such  a  current  minimum  could  be  caused  by  a  parasitic  load  similar  to 
that  found  in  the  Bappi  diode  (see  next  section).  Qualitatively  the  same  modifications  of  beam 
parameters  had  to  be  introduced  in  all  three  models  of  Fig.  1 . 


3.  Foil  acceleration  experiments  with  the  Bappi  diode 

The  beam  parameters  used  in  simulations  for  the  Bappi  diode  are  given  in  Fig.  3.  As  for  the 
B©  diode  the  models  account  for  a  distribution  of  proton  impact  angles  (here  between  30°  and 
42°)  as  well  as  for  a  Gaussian  distribution  of  proton  energies  (FWHM  =  20%  of  the  average 
value).  The  average  kinetic  energy  of  the  protons  in  Fig.  3  is  taken  from  the  electrical  diode 
voltage  without  modifications.  Curve  fc  is  an  average  current  density  derived  from  Faraday 
cup  measurements  inside  the  diode.  The  current  falloff  is  caused  by  the  development  of  some 
’’parasitic  load”.  Curves  A  to  D  were  given  the  same  early  current  development  as  fc;  they  model 
different  assumptions  about  the  onset  time  of  the  parasitic  load  and  its  further  development. 
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Figure  3:  Average  proton  energies  and  pro¬ 
ton  current  densities  used  to  simulate  dif¬ 
ferent  experiments  with  the  Bappi  diode  (see 
text) 


time  [ns] 


Figure  4:  Computed  rear  surface  velocities 
of  a  50  //m  A1  foil  for  the  beam  models  of 
Fig.  3  The  triangles  are  measured  velocities 
for  shot  #3360 


Fig.  4  compares  measured  (symbols)  and  computed  (lines)  rear  surface  velocities  of  a  50  /um  A1 
foil.  The  results  of  the  calculations  mainly  differ  at  times  later  than  35  ns.  The  target  velocities 
are  found  to  depend  on  both,  the  peak  proton  flux  (compare  models  A  &  C)  and  on  the  slope 
after  peak  current  (A&B).  Model  B  gives  the  best  fit  to  the  measurements,  fc  is  far  off  the 
experimental  results  at  late  times.  We  also  tried  to  model  the  target  acceleration  witih  the  Faraday 
current  density  multiplied  by  a  factor  of  0.5.  However,  such  beam  models  can  completely  be 
ruled  out  because  they  produce  too  small  target  velocities  between  20  and  40  ns. 

4.  Ka  satellite  spectroscopy  with  the  Bappi  diode 

For  the  computation  of  spectra  the  target  surface  is  devided  into  four  concentric  regions 
with  radii  of  2.4,  3.84,  5.76  and  9.6  mm  (0.3,  0.48,  0.72  and  1.2  times  the  measured  I’WHM 
of  the  spacial  beam  profile).  For  each  of  these  regions  radiation  hydrodynamic  simulations  of 
6  /im  thick  A1  foils  are  performed  with  88.4,  64.6,  36.3  and  8.6  %  of  the  current  densities  shown 
in  Fig.  3.  The  resultant  temperature  and  density  profiles  at  different  times  together  with  the 
respective  proton  fluxes  are  then  fed  into  the  Non-LTE  radiation  transport  code  NLTERT  [4] 
to  calculate  time  dependent  emission  spectra.  Finally,  the  spectra  of  the  four  regions  are  space 
integrated  over  an  observational  slit  of  1  mm  width,  time  integrated  over  the  whole  KALIF  pulse 
and  broadened  to  account  for  an  experimental  resolution  of  500. 

The  experimental  spectra  mostly  show  3  components  as  in  Fig.  5c).  The  intensity  ratio  of  the 
two  stronger  components  (A1 IV  to  A1 1-III)  is  about  0.3;  it  is  well  reproduced  from  shot  to  shot. 
The  intensity  ratio  A1 V  to  A1 1-III  varies  widely  between  0.05  and  0.2  in  the  same  experiments. 
The  A1 VI  satellite  is  very  weak  and  only  rarely  observed. 

Comparing  the  computed  with  the  observed  spectra  in  Fig.  5  it  is  again  obvious  that  current 
fc  is  not  consistent  with  the  experiments  since  the  satellites  A1 VI  and  A1 VII  were  never  ob¬ 
served  with  a  relative  intensity  as  given  in  Fig.  5b.  The  same  is  true  for  current  curve  D.  B  and 
C  result  in  almost  the  same  spectra;  they  have  a  very  weak  but  still  observable  A1 V  component. 
The  spectrum  calculated  for  current  A  is  close  to  the  ’’strongest”  observed  spectra.  Altogether, 
the  actually  observed  spectra  all  lie  between  the  spectra  calculated  with  models  A  and  B  (or  C). 
The  peak  temperatures  for  models  A  and  B  (or  C)  are  20  eV  and  13  eV,  respectively. 
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Figure  5:  a)  and  b)  are  computed  K„  spectra  of  a  6  /<m  A1  foil  with  beam  parameters  given  in 
Fig.  3.  c)  is  a  typical  observed  K«  spectrum 


5.  Conclusions 

Two  types  of  target  experiments  quite  different  in  nature  have  been  performed  with  the  Bappi 
diode.  A  comparison  of  the  experimental  results  and  of  the  simulations  nevertheless  leads  to 
similar  conclusions  for  both  types  of  experiments.  Both  experiments  allow  us  to  exclude  cer¬ 
tain  current  developments  in  the  diode  such  as,  e.g.,  fc  and  D.  The  acceleration  experiments 
can  distinguish  between  curves  C  and  B  because  the  voltage  and  thus  the  proton  range  keeps 
increasing  all  time  during  the  proton  flux,  the  K„  spectra  vary  considerably  between  current 
curves  B  and  A  or  C  and  A.  Both  types  of  experiments  can  serve  as  a  sensitive  means  to  deter¬ 
mine  the  onset  of  the  parasitic  load  and  the  following  current  decay.  The  calculations  show  that 
velocities  in  excess  of  20km/s  and  plasma  temperatures  above  30  eV  were  obtained  if  curve  fc 
could  be  realized,  which  requires  to  delay  the  parasitic  load  by  about  15  ns. 

In  the  case  of  the  Be  diode  only  small  modifications  of  the  beam  parameters  for  each  in¬ 
dividual  experiment  lead  to  a  satisfactory  agreement  between  measured  and  computed  target 
velocities.  A  comparison  of  individual  experiments  with  simulations  for  average  beam  profiles 
or  even  of  individual  experiments  among  each  other  is  limited  by  the  shot  to  shot  variation  of  the 
KALIF  diodes.  In  this  respect  a  simultaneous  measurement  of  target  velocities  and  Ko,  spectra 
together  with  beam  parameters  during  individual  KALIF  shots  would  significantly  improve  the 
analysis  of  the  experiments. 
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Usually  particles  do  not  collide  in  the  accelerating  gap  of  ion  sources,  because  the  gas 
pressure  in  the  gap  should  be  low  to  provide  a  high  electric  strength.  However,  the  gas 
discharge  systems  of  the  sources  may  allow  for  such  gas  conditions  that  the  ion  free  patii 
becomes  comparable  whh  dimensions  of  the  systems.  This  is  due  to  the  pressure  differential 
between  the  accelerating  and  gas-discharge  ^sterns  of  the  sources  and  also  to  tiie  fact  tiiat 
dimensions  of  the  gas-discharge  chambers  may  by  far  exceed  the  length  of  the  accelo’ating 
gaps.  Given  these  conditions,  the  relationsh^s  derived  for  the  collision-less  regime  cannot  be 
used  to  evaluate  the  ion  current  flowing  from  the  discharge  ^stem  to  the  accelerating  gap. 
These  relations]iq)s  need  be  refined  allowing  for  charge  transfer.  The  goal  of  this  study  was  to 
ascertain  how  collisions  affect  the  value  of  the  ion  emission  current  over  the  pressure  interval 
\^ere  the  collision-less  mode  of  the  ion  motion  (the  ion  velocity  is  determined  by  the  potoitial 
difference  passed)  is  replaced  by  motion  in  a  strong  electric  field  (the  ion  velocity  is 
proportional  to  the  square  root  of  ^e  electric  field  intensity). 

Let  us  consider  the  problem  in  terms  of  the  plane  geometry  and  assume  tiiat  the  gas- 
discharge  plasma  is  located  between  two  plane-parallel  plates  ^aced  2d  from  one  anotiier. 
Assume  that  electrons  are  distributed  by  the  Boltzmann  law: 


=  no  exp 


(1) 


vidiere  is  the  electron  concentration;  no  the  concentration  at  the  center  of  the  system;  e  the 
electron  charge;  q>  the  potential;  k  the  Boltzmann  constant;  T  the  electron  temperature.  If  the 
condition  that  the  energy  accumulated  by  an  ion  on  the  free  path  is  much  higgler  than  the 
thermal  energy  of  the  gas  atoms  is  fulled,  the  ion  concentration  is  determined  by  the 
following  relationsh^  [1] 


nfx)  =  J 


.  (Ca) +C(i))exp(-^)di 


^^^ere  X  is  the  mean  free  path  before  the  charge  transfer;  G  the  number  of  ions  generated  per 
unit  time  in  a  unit  volume  as  a  result  of  ionization;  C  the  number  of  ions  generated  per  unit 
time  in  a  unit  volume  as  a  resuU  of  the  charge  transfer.  C  and  G  are  connected  by  tiie  following 
relationship: 

W  =  =  j^Ga)di  (3) 

where  is  the  ion  current  density  at  the  point  x.  The  concentrations  of  ions  and  electrons  are 
equal: 

=  n,  =  n,  (4) 

>^Me  the  quasineutrality  is  disturbed  at  a  negligibly  small  distance  from  tiie  electrodes,  ie. 
A^en  xfid .  Ax  this  point  the  potential  and  concentration  derivatives  turn  to  infinity. 

We  shall  consider  two  situations:  first,  assume  that  ionization  is  uniform 

G  =  const  (5) 

and,  second,  ionization  is  due  to  plasma  electrons. 
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(6) 


G  =  V^e(x), 

where  v,  is  the  ionization  frequency. 

In  the  collision-less  mode  (A  »  d)  the  system  of  equations  (1),  (2)  and  (4)  is 
simplified  and  the  density  of  the  ion  current  leaving  the  plasma  is  related  to  the  plasma 
parameters  by  the  following  expression  [2]: 

J2kT 

—  (7) 

>^hich  holds  for  both  cases  in  question. 

At  a  high  collision  rate  (A  «  c?)  it  is  also  possible  to  simplify  the  said  system  of 
equations  and  solve  the  problem  analytically.  Neglect  G  in  (2)  as  compared  to  C.  Considering 
that  the  exponent  quickly  tends  to  zero  as  the  point  ^  is  removed  farther  apart  from  x,  replace 
C(^)  by  C(x)  and  take  it  outside  the  integration  sign.  Expanding  <p(Q  into  the  series  in  the 
denominator: 


<P(^  =  <p(x)  +  (p'(x)(^-x) 
dnd  taking  into  account  that 

(8) 

0 

(9) 

when  X  is  large,  we  have 

„/,i  JM 

=  e^-<pW 

(10) 

One  can  see  from  this  relationship  that  the  simplification  procedure  is  equivalent  to  the  use  of 
assumption  that  ions  move  under  mobility  conditions  in  strong  fields 


(11). 


where  E  =  -  d(p  /  dx.  This  case  (v~^fE  )  has  been  considered  in  [2]  at  G  =  const,  but  with 
different  number  coefficient  in  (1 1). 

When  G  =  const,  the  solution  of  the  system  of  equations  (1),  (4)  and  (10)  gives  the 
following  expression  for  the  potential; 


(12) 


and  the  density  of  the  ion  emission  current  from  the  plasma  is  related  to  the  value  of  ^/d  and 
plasma  parameters  as 


j^j(d)  = 


\—-i 

^2n  d 


:en. 


\2kT 

M 


If  G(x)  ~  n(x),  the  coordinate  and  potential  are  connected  by  the  following  relationship: 

X  3 


n 


6  l-t  +  r  arctg  ^|3  6 


2t-l  n 
+ 


(13) 


(14) 


where 


t  = 

(  3e(p^ 

|-7 

1/3 

t - 

1 

2 

1 _ 

_  V  kT ) 

_ 

1 

-iI/3 


(15) 


and  the  ion  emission  current  density  is  determined  by  the  next  formula 
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Now  let  us  consider  a  general  case.  To  this  end,  introduce  the  dimensionless  variable 

(17) 
kT 


and  the  parameters 


jo  = 


\2kT 
'  M  ’ 


and  rewrite  (2)  as 


joexp{-ri)  =exp[-^  | 


.(G(0  +  C(^))exp(\)d^ 
f _  ^ 


Multiplying  by  drj/dx  and  integrating  for  dx  from  0  toy,  we  obtain,  after  certain  manipulations, 
an  integral  equation  for  the  potential: 


1^)  =-/«(-/-  (C(V  +  G(())exp{  1)2  exp| 

Ji  Vl7  [ 

Y  di. 

n  •• 


ff)' 


lv(y)-'n(4)  + 


Now  let  us  derive  an  equation  for  the  coefficient  a.  Multiplying  (20)  by 
X  1  dfi  1 

—  — — =  and  integrating  for  dx  from  0  to  y,  we  have 


dx  ^jj{y)-Tj(x) 

.  (22) 

When  xad,  the  derivative  drj/dx  ->  oo  and,  correspondingly,  dj/drj  =  0.  Then  after  some 
transfomations  we  have 

yKf)  , 


vMqXQ  Tjf)  =  1j(d). 

The  system  of  equations  (22)  and  (23)  was  solved  by  the  successive  approximation 
method.  The  potential  distribution  in  the  gap  and  the  coefficient  a  were  calculated  for  the 
parameter  X/d  ranging  from  0.05  to  infinity.  The  calculations  showed  that  the  potential  fall 
across  the  plasma  increases  (Fig.  1)  and  the  ion  emission  current  drops  (Fig.2)  wiA  decreasing 
X/d.  At  large  and  small  XJd  the  calculation  results  coincide  with  the  limiting  cases  discussed 
above. 

Note  that  the  calculated  density  of  the  ion  emission  current  is  well  described  by  simple 
approximation  relationships  over  the  whole  range  of  the  /14/ values  from  0.05  to  infinity.  In  the 
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first  case  {G(x)  ~  const)  the  density  of  the  ion  emission  current  may  be  estimated  by  the 
expression 


while  in  the  second  case  (G(x)  ~  n(x))  by 
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ABSTRACT 

Interaction  of  =  0.2  MeV/u  oxygen  ions 
with  plasmas  has  been  studied  using  laser 
plasma  targets.  We  have  observed  high 
charge  stripping  at  an  early  rise  time  of  CO  2 
laser  and  enhanced  energy  loss  in  LiH 
plasma. 

INTRODUCTION 

It  is  a  key  issue  to  study  an  energy 
deposit  rate  of  heavy-ion  driver  beams  in  a 
fuel  pellet  for  heavy-ion  inertial  confinement 
fusion.  Stopping  power  of  projectile  ions  is 

expressed  as  -dE/dX  «  (Zeff)2  where  Zeff  is 
equilibrium  charge  state  of  the  projectiles. 
The  equilibrium  charge  state  Z^ff  in  the 
plasma  with  electron  density  of  ne  <  10i9cm-3 
is  larger  than  in  cold  matter.  Theory  [1] 
predicts  that  the  charge  state  Zeff  turns  to 
decrease  for  the  denser  plasma  of  ng  > 
10i9cm-3  where  dielectronic  recombination 
plays  a  significant  role.  On  the  other  hand, 
the  stopping  power  depends  strongly  on 
projectile  ion  energy  in  the  range  of  0.1  to  1 
MeV/u.  So  it  is  interesting  to  measure  the 
interaction  experiments  for  the  dense  plasma 
near  iie  =  10i9cm-3  and  also  for  the  projectile 
energy  of  E  <  1  MeV/u.  So  far  interaction 
experiments  [2-7]  have  been  conducted  using 
both  discharge  plasmas  and  laser  plasmas. 
For  the  low-energy  heavy  ions,  the  laser 
plasma  targets  are  suitable  for  the  interaction 
experiments  because  they  are  free  from  the 
magnetic  field  which  deflects  the  ion 
trajectory.  We  have  developed  two  types  of 


laser  plasma  targets  by  means  of  a  CO  2  laser 
and  a  Nd  glass  laser.  We  report  the  present 
status  of  the  interaction  experiments 
performed  by  using  low-energy  oxygen  ions. 

EXPERIMENT 

Heavy  ions  are  generated  by  the  NEC 
1.7  MV  tandem  accelerator.Two  interaction 
chambers  are  installed  on  separate  beam  lines. 
One  plasma  target  is  formed  by  irradiating  a 
polyethylene  plate  with  a  TEA  CO  2  laser  of  5 
J/pulse  energy.  An  experimental  setup  with 
the  CO2  laser  is  schematically  depicted  in 
Fig.l.  Fig.2  shows  a  time  profile  of  the  CO2 
laser.  The  laser  light  is  focused  on  a  planar 
target  with  a  spot  size  of  0.5  mm  x  9  mm. 
The  surface  of  laser  irradiation  target  is 
refreshed  by  rotating  the  planar  plate.  The 
electron  density  of  the  plasma  is  diagnosed 
via  the  Stark  broadening  of  hydrogen  lines. 
Fig.3  shows  a  time  evolution  of  electron 
density.  The  density  of  ablating  plasma 
ranges  from  IOI8  to  1017  cm-3  for  a  period  of 

1  fxs  at  a  distance  of  0.5  mm  from  the 
polyethylene  surface.  So  areal  density  of  free 
electrons  is  the  order  of  1017  cm-2.  The 
projectile  ions  are  collimated  with  an  aperture 

of  1  (])  at  a  distance  of  0.5  mm  from  the 
polyethylene  surface.  A  typical  beam  current 
of  2.4  MeV  02+  is  ~  10  nA  on  the  plasma 
target.  The  outgoing  ions  are  analyzed  by  a 
dipole  magnet  and  then  are  detected  with 
aluminum  coated  plastic  scintillators 
simultaneously  for  different  charge  states.  A 

carbon  foil  of  20pgcm-2  is  used  as  a  reference 
material. 
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Fig.l  Schematic  view  of  experimental  setup 

Another  plasma  target  is  produced  by 
irradiating  a  LIH  pellet  of  50  to  100  //m  in 
diameter  with  a  Nd  glass  laser  of  3J/pulse 
energy  and  of  At  =  30  ns  pulse  width.  The 
laser  irradiation  forms  a  spherically 
expanding  plasma.  Mach  Zehnder 
interferometry  reveals  the  electron  density 
decreasing  gradually  with  radius  for  a  period 
of  60  to  140  ns  as  indicated  in  Fig.4.  The 
spherically  symmetric  expansion  of  the 
plasma  is  verified  by  observation  with  a  high 
speed  framing  camera.  According  to  these 
measurements  the  LiH  plasma  is  suitable  for 
the  interaction  experiments  when  the 
projectile-beam  size  is  defined  close  to  1  mm. 
Several  optical  measurements  are  performed 
to  derive  the  plasma  temperature. 
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Fig.2  Time  profile  of  CO2  laser 
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Fig.3  Electron  density  of  polyethylene 
plasma 
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Fig.4  Electron  density  distribution  of 
LiH  plasma 
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RESULTS  AND  DISCUSSION 

Fig.5  shows  a  time  evolution  of  charge 
states  of  oxygen  ions  observed  after  the 
interaction  with  the  polyethylene  plasma.  In 
this  figure  the  flight  time  of  the  ions  is 
subtracted  to  adjust  the  time  scale  to  the  laser. 
The  yield  of  6+  state  has  a  peak  near  t  =  50  ns 
on  an  early  phase  of  the  fast  component  of  the 
CO2  laser.  In  contrast  with  the  6+  case,  the 
yield  of  4+  state  reaches  to  its  first  maximum 
around  t  =  250  ns  and  then  to  its  second  slow 
maximum  at  t  =  600  ns.  Two  peaks  of  the  4+ 
yield  coincide  with  two  components  of  the 
CO2  laser  appearing  at  160  ns  and  at  600  ns 
(Fig.2).  The  relative  yield  ratio  of  I6+/I4+  at 
the  peak  of  6^  yield  is  3.4  which  is  two 
orders  of  magnitude  larger  than  the  value  of 
0.04  reported  [8]  for  a  carbon  foil.  The  high 
yield  ratio  is  a  clear  evidence  of  the  enhanced 
charge  stripping  of  the  plasma. 


0  ZOO  400  600  600  1000 


Time  [ns] 

Fig.5  Yields  of  4+  and  6+  states  and  their 
ratio  in  polyethylene  plasma 


Fig.6  indicates  the  energy  losses  of  the 
oxygen  ions  in  the  plasma  measured  for  the 
charge  states  of  4+  and  6+  where  the  time 
scale  is  corrected  by  flight  time  of  »  250  ns. 
Both  energy  loss  curves  reveal  the  same 
profiles  within  the  experimental  errors.  The 
high  charge-stripping  yield  of  6+  state  is  not 
reflected  in  these  energy-loss  profiles.  The 
curves  peak  around  t  =  100  ns  and  t  =  500  ns 
which  correspond  to  the  fast  and  slow 
components  of  the  CO2  laser  as  shown  in 
Fig.2.  We  interpret  the  similar  energy-loss 
profile  as  following;  the  charge  state  of  either 


4+  or  6+  is  determined  when  the  ions  exit  the 
plasma  target  although  the  effective  charge 
Zeff  inside  the  plasma,  independent  of  the 
charge  state  of  the  outgoing  ions,  governs 
the  energy  loss. 


Fig.6  Energy  loss  of  oxygen  ions  in 
polyethylene  plasma 

Preliminary  evaluation  of  the  stopping 
power  for  the  4+  ions  in  the  polyethylene 
plasma  is  shown  in  Fig.7,  where  the  target 
density  is  derived  by  assuming  that  two  third 
and  one  third  of  free  electrons  are  shared  by 
hydrogen  and  carbon  atoms,  respectively. 
This  estimate  includes  the  errors  of  about 
50%.  A  peak  seen  at  t  =  300  ns  corresponds 
to  the  valleys  both  in  Fig.  3  and  Fig.6.  Sio  we 
conclude  that  this  peak  is  spurious  and  caused 
by  some  unknown  sources.  Other  data  points 
are  slightly  above  but  close  to  the  stopping 
power  in  the  cold  polyethylene  [9].  This 
situation  is  the  same  for  the  case  of  6^  ions. 
So  the  present  observation  can  be  explained 
as  following;  the  carbon  atoms  are  mostly 
ionized  to  only  1+  state  in  the  polyethylene 
plasma,  and  the  C+  ions  having  five  bound 
electrons  behave  like  neutral  atoms. 

The  stopping  power  observed  for  the 
LiH  plasma  with  the  3.6  MeV  oxygen  ions  is 
compared  with  a  curve  for  the  cold  LiH  [9]  in 
Fig.8.  The  data  point  is  obtained  at  t  =  60  ns 
after  the  Nd  laser  irradiation.  This  case 
indicates  a  clear  enhancement  of  energy  loss 
in  the  plasma.  The  large  stopping  power  is 
understood  in  terms  of  larger  Coulomb 
logarithm  and  higher  equilibrium  charge  state 
in  the  plasma. 
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CONCLUSION 


We  have  observed  enhanced  charge 
stripping  of  oxygen  ions  in  polyethylene 
plasma  at  an  early  rise  time  of  CO2  laser. 
Enhancement  of  stopping  power  has  been 
measured  clearly  for  LiH  plasma  but  only 
slightly  for  polyethylene  plasma. 


Time  [ns) 


Fig.7  Stopping  power  observed  for  04+ 
ions  in  polyethylene  plasma 


Energy  [MeV/u) 

Fig.8  Stopping  power  of  3.6  MeV 

oxygen  ions  in  LiH  plasma  observed 
at  t  =  60  ns 
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EXPERIMENTAL  RESEARCH  ON  ION  EJECTION 
FROM  PREVIOUSLY  CREATED  EXPLOSION-EMITTED  PLASMA  IN 
MAGNETIC  INSULATED  DIODES. 

M. S ■  Opekounov.  G.E.Remnev,  I.I.Grushin 
Nuclear  Physics  Institute  at  Tomsk  Polytechnic  University,  Tomsk 

Our  work  is  dedicated  to  research  on  dense  plasma  generation  using  explosive  electron 
emission  with  desired  plasma  composition  directly  in  the  diode  [1,2].  The  first  (negative) 
high-voltage  pulse  being  applied  to  the  potential  electrode  of  the  diode  (subsequently  called 
anode)  serves  for  plasma  formation.  The  second  (positive)  pulse  serves  for  the  acceleration. 
These  pulses  are  produced  by  nanosecond  generator  and  considered  as  one  shot.  During  delay 
between  these  two  pulses  the  plasma  spreads  from  anode  to  cathode.  So  when  the  accelerating 
voltage  pulse  arrives  the  plasma  in  the  anode-cathode  gap  already  exists. 

The  first  experiments  were  carried  out  on  high-current  electron  accelerator  "TONUS", 
which  was  upgraded  for  ion  beam  generation.  The  results  of  these  experiments  have  formed 
the  research  branch  on  development  of  dual  high-voltage  pulses  generators  and  diode  systems 
working  in  a  two-pulse  mode. 

Our  further  studies  on  operation  conditions  of  various  diode  systems  (the  diodes  with 
pinching  of  an  electron  beam,  reflective  triode,  magnetic  insulated  diodes)  have  been  carried 
out  on  “TONUS”,  “Loutch”,  “Temp”,  “Muk-M”  accelerators  [3,4,5,6].  These  studies  have 
revealed  a  number  of  advantages  of  strip  magnetic  insulated  diode  systems  with  the  closed 
electron  flow’s  drift.  Such  systems  operate  in  a  two-pulse  mode  and  are  used  for  the 
generation  of  heavy  ion  beams.  One  of  above  advantages  is  that  the  transverse  magnetic  field 
in  the  diode  slows  down  the  plasma  flow  from  one  electrode  to  another.  This  feature  allows  to 
vary  the  delay  between  pulses  in  rather  wide  range  and  makes  it  possible  to  choose ‘the 
optimum  diode  operation  mode.  The  second  advantage  is  that  the  magnetic  field  provides  a 
faster  plasma  flow  along  the  field.  Plasma  spreads  upon  a  potential  electrode’s  surface,  what 
leads  to  the  formation  of  homogeneous  plasma  emission  boundary  and  increases  the 
efficiency  of  an  ion  ejection.  Third  advantage  is  that  there  is  no  electron  dumping  onto  the 
anode’s  working  area,  that  reduces  the  anode  erosion  and  increases  the  anode  lifetime  and 
stability  of  ion  flow’s  parameters.  The  target  degeneration  due  to  erosion  products  is  also 
reduced.  And  the  last  feature  is  that  there  is  a  possibility  of  generation  of  homogeneous  large- 
area  ion  beams  with  sufficient  power  density  (10^-10^  W/cm^)  for  practical  use  [7]. 
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Fig.  I.  “Muk-M”  accelerator.  Magnetic  insulated  diode  with  closed  electron  flow’s  drift. 

The  discussed  below  experiments  were  carried  out  on  the  “Muk-M”  accelerator  [6,7]. 
The  amplitudes  of  plasma-generating  and  accelerating  voltage  pulses  on  the  diode  were  varied 
in  a  range  from  50  to  150  kV.  The  duration  of  voltage  pulses  was  varied  from  20  up  to  200  ns, 
the  duration  of  front  of  the  plasma-generating  pulse  in  all  cases  did  not  exceed  10  ns.  The 
delay  between  voltage  pulses  had  been  changed  from  50  up  to  300  ns. 

The  studies  of  plasma  generation  and  current  removal  from  plasma  were  carried  out  for 
both  graphite  and  aluminum  potential  electrodes.  The  geometry  and  design  of  the  diode 
system  is  shown  at  the  fig.  1 .  The  cathode  is  designed  [6]  as  a  fiattened  strip  coil  with  open 
side  connected  to  the  current  transformer  and  provides  the  electron  flow  closure  along  coil’s 
inner  surface  all  over  the  anode-cathode  gap  cross-section.  The  holes  (slots)  in  cathode’s  body 
are  designated  to  pass  the  ion  beam  so  the  total  cathode  transparency  on  the  side  of  beam 
removal  is  about  60%.  The  cathode  is  made  from  copper  (in  some  experiments  the  stainless 
steel  was  used  as  cathode  material)  and  encloses  the  anode  as  shown  in  fig.l.  The  transformer 
operates  as  a  source  of  an  insulation  current. 

The  anode  of  magnetic  insulated  diode  is  made  from  aluminum.  Anode  width  is  45  mm 
and  the  length  is  200  mm.  The  width  of  cathode  is  equal  to  anode  one,  its  thickness  is  4  mm. 
For  improved  plasma  generation  the  anode  has  the  special  prepared  surface.  Currently  this 
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Fig.2  Voltage,  total  diode  current  and  ion  current  density  oscillograms  for  graphite  (a)  and  aluminum  (b) 
anode  insertions. 

surface  is  prepared  on  upper  side  of  the  anode  as  shown  on  fig.l.  The  surface  is  cultivated 
with  ledges  of  rectangular  cross-section  of  2x2  mm  and  height  of  5  mm.  The  width  of 
intervals  between  ledges  is  2  mm.  Ledge  dimensions  and  width  of  interledge  intervals  are 
estimated  from  the  condition  /j<2  Vp,  •(/,  +r^),  where  is  plasma  velocity  transverse  to 

magnetic  field  direction,  /,  and  -  durations  of  the  first  voltage  pulse  and  of  the  delay, 
respectively.  Thus  the  homogeneity  of  plasma  emission  boundary  is  provided.  The  cross- 
section  of  ejected  ion  flow  is  about  45x200  mm  (or  90x200  mm  ). 

It  is  possible  to  install  the  coverings  (insertions)  made  from  various  materials  on  the  side 
of  the  beam  removal.  These  insertions  have  also  cultivated  surface  and  define  therefore  the 
composition  of  accelerated  ion  flow.  The  anode  insertions  have  dimensions  of  45x200  mm^ 
(in  some  experiments  dimensions  were  enlarged  up  to  90x200  mm^). 

The  density  of  the  ejected  ion  current  is  measured  by  the  Faraday  cup,  while  the  total 
diode  current  and  diode  voltage  are  measured  by  Rogovsky  coil  and  active  voltage  divider 
respectively.  The  determination  of  the  mass  and  energy  spectra  of  accelerated  ion  flows  is 
performed  using  Thomson  spectrometer  with  CR-39  as  a  solid-state  track  detector  [8,  9],  The 
oscillograms  of  the  voltage,  total  diode  current  and  ion  current  density  at  40  mm  far  from  the 
cathode  are  shown  at  the  fig.2  for  graphite  and  aluminum  anode  coverings. 

The  results  of  our  studies  are  as  follows: 

•  The  plasma  generation  on  a  potential  electrode  in  magnetic  insulated  diodes  occurs 
only  if  voltage  pulse  duration  is  longer  than  30  ns; 

•  During  the  action  of  an  accelerating  voltage  pulse  there  are  no  additional  plasma 
generation  in  the  diode  or  it  is  negligible; 
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•  The  amount  of  charge  ejected  from  plasma  depends  weakly  on  plasma  generating 
voltage  pulse  duration,  on  delay  between  plasma  generating  and  accelerating  pulses 
and  on  accelerating  voltage  pulse  duration. 

The  large-area  (>100  cm^)  carbon  and  aluminum  ion  beams  with  total  current  of  several 
kiloampers  are  produced  in  such  diode  systems.  The  beam  composition  depends  on  potential 
electrode  material  and  depends  weakly  on  the  shot  frequency  in  the  range  from  0. 1  up  to  5  Hz. 
The  relative  percentage  of  light  elements  (hydrogen,  carbon  or  nitrogen  ions)  in  the  beam  is 
less  than  20%.  The  homogeneity  of  the  ion  flow  over  its  cross-section  at  10  mm  distance  from 
cathode  is  not  worse  than  20%. 

Authors  are  grateful  to  Dr.  V.M.Matvienko  for  his  valuable  remarks  on  this  paper. 
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Intense  ion  beam  generation  in  an  anomalous  glow 
discharge  with  non-metallic  liquid  anode 

LM.Roife,  Yu.A.Vasilevskaya,  E.G.Yankin 
D.V.Efremov  Institute  of  Electrophysical  Apparatus,  189631,  Metallostroy, 

S. -Petersburg,  Russia,  e-mail  rim@niiefa.spb.su 

A  new  type  of  an  effective  and  compact  ion  source  [1],  [2],  [3]  has  been  developed  in 
the  D.V.Efremov  Institute  in  the  last  few  years.  Conducted  researches  have  shown  that  such 
type  of  the  source  provide  currents  of  tens  mA  operating  in  the  long  stationary  mode,  since  it 
is  easily  scaled.  It  permits  to  consider  opportunities  of  industrial  use  of  similar  ion  sources. 
The  main  feature  of  the  source  is  use  of  a  liquid  with  rather  high  pressure  of  residual  vapours 
in  the  anode.  Similar  sources  of  ions  with  a  liquid  metall  anode  (LMS),  which  work  in  deep 
vacuum  [6],  are  known. 

Going  from  liquid  metall  emitters  to  liquid  dielectric  with  higher  pressure  of  residual 
vapours  (such  as  mineral  oils,  alcohol,  benzene),  we  managed  to  receive  considerably  larger 
currents  of  Ampere  scale.  The  operating  conditions  corresponded  to  lower  vacuum  of  10'  - 
10'^  Torr.  Thus,  if  in  an  LMS  practically  there  are  no  discharge  effects,  here  they  should 
already  play  appreciable,  if  not  determining  role.  It  is  production  of  discharge  plasma  of  high 
enough  concentration  that  determines  opportunities  of  high  currents  generation. 

Sources  of  ions  with  liquid  dielectric  in  the  anode  emitter  are  characterized  with  the 
plasma  production  directly  at  the  surface  of  the  emitter  in  addition  to  concentration  of  the 
electrical  field  (as  it  takes  place  in  an  LMS)  fig.  1 . 

A  preliminary  concentration  of  the  field  in  the  anode  emitter  is  provided  by  the  insertion 
of  needle  current  inputs  moistened  with  the  anode  liquid. 

For  maintenance  of  uniformity  of  work  of  the  extended  emitter,  the  idea  of  a  multypoint 
current  input  with  special  ballast  resistors  [7]  installed  separately  in  each  current  input  was 
used.  On  fig.3  such  a  source  is  schematically  shown,  with  the  help  of  which  were  managed  to 
obtain  rather  satisfactory  characteristics  of  the  source  operation  (stability  of  work  in  time, 
uniformity  of  the  beam  in  space). 

In  similar  sources  bunches  of  fibres  of  a  carbon  fabric  with  the  diameter  ~  10// .  were 
used  as  current  inputs. 

A  module  of  the  source  contains  a  high-voltage  input  of  the  anode  voltage  to  a  metal, 
pumping  chamber  pumped  by  a  forevacuum  pump  to  a  pressure  10'^  -  10’^  Torr.  At  the  end  of 
the  voltage  input  there  are  elements  for  fastening  the  needle  current  input  placed  inside  an 
insulating  volume  from  plexglass  filled  with  a  dielectric  liquid  (forvacuum  oil).  Point  of  the 
current  input  extends  less  than  1  mm  beyond  the  oil  surface.  Current  input  in  a  considered 
design  version  of  the  source  made  fabricated  from  Wolfram  wire. 

Extractor,  as  well  as  the  whole  other  volume,  is  under  ground  potential  and  has  an 
aperture  of  2  mm  in  diameter  for  the  beam  extraction.  The  needle  point  -  extractor  distance  is 
in  the  limits  5-7-10  mm.  Collector  can  be  installed  in  any  place  of  the  ion  drift  tube.  The  high- 
voltage  input  work  both  in  the  mode  of  the  source  start-up  up  to  10  kV  and  in  the  stationary 
mode  up  to  1  kV.  The  source  module  source  current  is  5  mA  (in  the  stationary  mode). 

The  major  parameter  is  the  electrical  field  magnitude.  In  tested  design  version  of  the 
source,  the  emitter-extractor  gap  is  in  the  limits  from  several  mms  up  to  10  mm.  The  potential 
difference  of  at  the  moment  of  voltage  switch  on  is  from  7  kV  (for  the  stationary  mode)  up  to 
15  kV  (for  the  pulse  mode).  Thus,  scale  of  an  average  electric  field  in  the  accelerating  interval 
is  about  10"^  V/cm.  It  is  enough  to  form  a,  so-called,  "Taylor  cone"  on  the  surface  of  the  liquid 
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emitter,  which  provides  rather  high  concentration  of  the  electric  field  on  the  emitter.  So  for 
vacuum  oil  of  BM-6  type  (in  the  majority  of  cases  used  in  this  work)  the  surface  tension  force 
is  T  ~  30  din/cm,  the  density  is  p  <  1  g/cm^.  In  this  case  a  critical  field  necessary  for 
formation  of  Taylor  cones  is  provided  [4,  5]. 

It  should  be  noted,  that  in  contrast  to  LMS  (where,  because  of  large  T  and  p 
magnitudes,  large  fields  are  needed)  in  the  considered  sources  the  potential  difference  on  the 
accelerating  gape  decreases  in  the  process  of  operation. 


Fig.  1.  Fig.  2. 

As  was  shown  in  [1],  the  source  operates  in  the  glowing  discharge  mode.  The  current- 
voltage  characteristic  of  the  discharge  corresponds  to  that  of  anomalous  glowing  discharge. 
The  feature  of  the  discharge  is  the  fact,  that  the  potential  drop  is  concentrated  in  a  small  area 
near  the  point  current  input  of  the  emitter. 

The  evaluation  of  the  electric  field  strength  close  to  the  needle  current  input  in  view  of 
additional  effect  from  the  “Taylor  cone”  being  formed  (on  the  surface  of  the  liquid  moistening 
the  needle  point)  shows  that  it  can  reach  a  magnitude  of  >  10^  V/cm.  At  such  fields  an  energy 
~  1  keV  (appropriate  to  the  voltage  drop  in  the  discharge)  can  be  obtained  by  single-ionized 
ions  at  a  distance  of  <  10'^  cm. 

Thus,  in  this  discharge  the  main  voltage  drop  is  on  the  anode  and  energetic  particles  are 
ions,  unlike  a  common  discharge,  these  energy  is  transmited  to  electrons  in  the  area  of  the 
cathode  drop. 

For  studying  the  generated  ion  beam  energy  distribution  additional  collimation  of  the 
beam  was  done  and  proper  vacuum  conditions  were  provided  in  the  space  drift,  where  the 
electrostatic  analyzer  was  placed. 

Measurements  have  shown,  that  the  average  energy  of  the  beam  corresponds  to  the 
magnitude  of  the  potential  difference  on  the  emitter-extractor  gap. 

When  a  source  similar  to  that  shown  on  fig.  1,  operated  in  the  stationary  mode,  a  series 
of  spectrometric  measurements  of  observed  glow  both  in  the  emitter-extractor  gap  and  in  the 
drift  space  was  conducted.  These  measurement  have  shown  following; 
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In  drift  space  of  the  beam  the  spectrometer  fixes  glow  of  a  large  number  of  lines, 
corresponding  both  to  ionized  components  of  carbon-hydrogen  liquid  -  ions  of  hydrogen  and 
carbon  and  to  a  large  number  of  various  impurities  in  the  residual  gas,  including  ions  of  a 
number  of  metals  -  iron,  copper,  aluminium  and  others,  being  structural  elements  of  the 
installation. 

In  the  emitter-extractor  gap,  glow  of  only  one  lines  -  is  fixed.  This  paradox  can  be 
explained  by  the  fact  that  the  recombination  intensity(it  is  known  that  glow  there  is  the  result 
of  recombination)  is  inversely  proportional  to  the  relative  ion  mass  (for  a  threefold  impact)  or 
root  square  of  this  value  (for  recombination  on  a  surface).  Thus,  recombination,  as  the  most 
probable  process  for  light  ions  as  though  "cleans"  the  beam  of  lighter  ions  of  hydrogen. 
Extracted  in  the  drift  space  the  beam  of  remaining  carbon  ions  intensively  interacts  with  the 
residual  gas  and  surface  of  structural  elements  of  the  vacuum  chamber.  It  is  apparently  the 
ions  generated  as  a  result  of  this  interaction  which  “dicing”  (i.e.  in  the  process  of 
recombination),  give  the  wide  spectrum  of  lines  observed  in  the  drift  space. 


Fig.  3. 


We  shall  consider  now  results  of  the  mass  -  analysis  on  the  ion  beam  on  the  exit  from 
the  source,  where  the  vacuum  oil  was  used  as  a  liquid  dielectric.  For  this  purpose  a  known 
method  of  the  electromagnetic  mass-analysis  was  applied.  A  source,  similar  in  a  design  to  one 
shown  on  fig.l,  additionally  collimated  and  under  proper  vacuum  (~10’®  Torr)  in  the  drift 
channel  was  investigated.  In  the  beam  drift  channel  diagnostic  electromagnetic  system  was 
installed. 

The  reliability  of  the  results  is  confirmed  by  the  fact  that  they  are  obtained  after 
processing  of  a  large  number  of  measurements.  Measurements  in  each  experimental  point 
were  done  not  less  than  100  times. 

The  conclusion  from  the  conducted  mass  -  analysis  is  that  the  main  component 
generated  by  the  source  is  the  beam  of  singly  ionized  carbon.  Certainly,  a  fraction  of  hydrogen 
ions  and  ,for  example,  singly  ionized  CIlj^  can  be  present  in  the  beam. 

While  optimizing  the  single  point  module  mode  of  the  source,  the  optimum  (as  a  result 
of  variations)  magnitude  of  current  ~5  mA  was  obtained.  An  appropriate  flow  of  singly 
ionized  ions  per  second  is  ~  10‘’.  This  current  and  corresponding  flow  of  particles  is 
generated  in  a  rather  small  zone  near  the  point  of  the  current  input.  First  of  all,  it  can  visually 
judge  about  small  sizes  of  the  area  when  the  ion  beam  is  generated.  Conducted  evaluations 
have  shown,  that  linear  sizes  of  this  zone  are  ~  10'^  cm,  i.e.  its  volume  is  ~  10'^  cm^.  It  is 
obvious  that  the  maintenance  of  a  rather  large  flow  of  substance  (in  more  acceptable  imits  it  is 
a  flow  of  -  10^^  particles  per  sec,  crossing  a  cubic  centimeter  of  volume  in  the  point  area)  is 
not  sufficient  the  "quiet"  mechanism  of  thermal  diffusion  of  molecules  of  the  working  liquid 
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vapour.  The  decreasing  substance  should  be  intensively  replenished  due  to  such  a  process  as 
boiling  of  liquid,  as  well  as  processes  close  to  explosive  ones. 

For  determination  of  spatual  uniformity  of  an  extended  ion  beam,  in  particular,  for  an 
annular  ring  continuous  emitter,  experiments  with  collectors,  made  as  a  series  of 
concentrating  ring  lamellas  (for  determination  of  radial  uniformity  in  radius)  and  as  sectoral 
lamellas  (for  determination  of  uniformity  in  comer)  were  conducted.  The  experiments  were 
conducted  in  the  pulsed  mode.  The  results  were  unsatisfactory  that,  obviously,  was  determined 
by  "walking"  of  the  emission  zone. 

Positive  results  are  obtained  for  the  multipoint  version  shown  on  fig.  3. 

A  multipoint  ring  current  input  with  ballast  resistors  was  made.  Current  input  made  as 
bunches  of  a  carbon  fabric  10  number  were  placed  with  regular  intervals  around  a  circle  with 
a  diameter  of  3  cm.  The  experiments  also  conducted  in  the  pulsed  mode  have  shown  rather 
high  uniformity  of  the  collector  current  distribution.  Spread  of  the  current  density  did  not  fall 
outside  the  limits  of  10  %. 

These  results  are  the  basis  for  choice  (if  generation  of  an  extended  beam  of  a  multipoint 
current  input  with  separate  ballast  resistor  in  each  current  input  is  needed). 

Tests  of  variants  current  input  have  shown  that  the  best  results  on  stability  and  durability 
(when  working  in  the  stationary  modes  of  an  hour  scale)  are  give  by  point  current  inputs  from 
Wolfram  wire.  The  stability  and  reliability  of  their  work  is  increased  for  thinner  points.  With 
the  help  of  electrolytic  etching  of  a  Wolfram  wire  in  alkali  of  K  or  Na  we  manages  to  produce 
points  with  radius  of  less  than  10//,  which  were  applied  for  improvement  of  modes  of  the 
working  module  of  the  source. 

When  developing  the  source  such  liquids  as  various  alcohols,  benzene,  oil  and  others 
were  tested.  Attempts  unfortunately,  (unsuccessful  because  of  violent  boiling)  to  use  water 
were  done.  The  most  proper  for  work  appeared  to  be  oil  for  vacuum  pumps.  This  is 
determined  both  as  it  is  combination  of  purely  carbon-hydrogen  compounds  without  an  other 
impurities  and  also  its  temperature  at  which  the  pressure  of  its  residual  vapours  provides 
steady  operation  of  the  source  in  limits  convenient  for  operation.  This  also  concerns  the  data 
on  viscosity. 

As  illustration  of  practical  use  of  the  carbon  ion  source,  a  single-module  installation 
(with  a  movable  target)  for  diamond-like  film  deposition  is  shown  in  fig.  2. 

On  fig.4  a  characteristic  Raman  shift  spectrogram  for  our  film  is  given.  The  maximum 
observed  in  the  area  of  the  line  1350  cm’’  testifies  that  the  film  has  a  mycrocrystal  graphite 
phase  amorphous  diamond-like  structure. 
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I.  INTRODUCTION 

The  hollow-cathode  glow  discharge  is  harnessed  for  generation  of  gas-discharge  plasma 
[1]  and  production  of  charged-particle  beams  [2]  at  operating  pressures  of  10“^-10"'  Torr. 
However,  the  use  of  this  type  of  discharge  as  a  plasma  emitter  in  wide-aperture  gaseous  ion 
sources  calls  for  its  operation  at  a  pressure  of  10“^  Torr  or  less  [3].  External  injection  of  extra 
electrons  into  the  cathode  cavity  [4]  provides  a  reduction  of  its  lowest  limiting  operating  pres¬ 
sure  to  below  10"^  Torr.  At  this  pressure  the  electric  strength  of  the  acceleration  gap  is  suffi¬ 
cient  to  extract  an  ion  beam  of  energy  several  tens  of  kiloelectronvolts,  and  the  scattering  and 
resonance  charge  exchange  of  accelerated  ions  at  residual  gas  atoms  affect  the  parameters  of 
the  beam  in  this  transportation  toward  a  target  only  slightly  [4],  The  paper  is  devoted  to  an 
investigation  of  the  mass-charge  composition  of  an  ion  beam  extracted  from  the  plasma  of  this 
type  of  high-current  discharge. 


II.  EXPERIMENTAL  ARRANGEMENT 


An  ion  beam  is  extracted  from  the  plasma  of  the  main  discharge  operating  inside  hollow 
cathode  1  of  diameter  12  cm  (Fig.  1).  A  tungsten  rod  0.7  mm  in  diameter  serves  as  anode  2 
for  this  discharge.  Extra  electrons  are  injected  from  the  plasma  of  another,  auxiliary  glow 
discharge  initiated  between  other  hollow  cathode  3  and  electrode  1  which  serves  as  an  anode 

for  this  discharge.  Electron  injec- 
gas  tion  occurs  through  coaxial  holes 

made  in  electrodes  1  and  3.  To 
stabilize  the  emission  boundary  of 
the  auxiliary  discharge  plasma,  the 
hole  in  electrode  1  is  covered  with  a 
high-transparency  fine  metal  grid. 
The  hole  dimensions  were  opti¬ 
mized  to  allow  electrons  with  a  cur¬ 
rent  making  up  to  80%  of  the  cur¬ 
rent  of  the  auxiliary  discharge  that 
generates  these  electrons  to  be  ex¬ 
tracted  and  injected  into  the  cathode 
cavity  of  the  main  discharge.  The 
injected  electrons  are  accelerated  in 
the  cathode  layer  of  the  main  dis¬ 
charge  and,  chaotically  oscillating 
between  the  cavity  walls,  ionize  the 


_[  auxiliary 
discharge 


Fig.  1.  Schematic  of  the  ion  source  electrodes. 
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working  gas  until  thermalize  or  get  on  the  discharge  anode.  The  working  gas  is  fed  into  the 
cathode  region  of  the  auxiliary  discharge.  Owing  to  the  plasma  drop  at  the  holes,  the  pres¬ 
sures  in  the  auxiliary  discharge  region  and  in  the  main  discharge  region  differ  at  least  by  an 
order  of  magnitude.  At  the  same  time,  the  pressure  difference  at  the  multiaperture  electrodes 
of  the  acceleration  system  is  insignificant  since  the  net  surface  area  of  the  holes  in  the  emis¬ 
sion  electrode  is  rather  large.  Used  as  working  gases  were  argon,  nitrogen,  oxygen,  and  meth¬ 
ane. 

Both  continuous  and  pulsed  operation  of  the  discharge  was  investigated.  For  the  pulsed 
mode,  the  discharge  power  supply  provides  pulses  of  duration  300  ps  and  current  up  to  50  A. 
The  discharge  currents  are  switched  by  a  trigger  pulsed  voltage  applied  is  used.  The  auxiliary 
discharge  current  and  the  main  discharge  current  are  measured  in  the  auxiliary  cathode  circuit 
and  in  the  anode  circuit,  respectively. 

Ions  are  extracted  with  the  use  of  accel-decel  multiaperture  ion-optical  system  4  whose 
electrodes  are  made  of  copper.  For  diagnosing  the  beam  composition  a  time-of-flight  spec¬ 
trometer  [5]  is  used.  The  ion  source  and  the  spectrometer  are  installed  in  a  vacuum  chamber 
with  cryogenic  evacuation  which  provides  a  residual  pressure  of  10“’  Torr. 


III.  EXPERIMENTAL  RESULTS 

Electron  injection  results  in  an  abrupt  decrease  in  the  operating  voltage  of  the  main  dis¬ 
charge,  Vmd-  As  can  be  seen  from  the  plots  of  the  discharge  operating  voltage  as  a  function  of 
the  auxiliary  discharge-to-main  discharge  current  ratio,  given  in  Fig.  2,  electron  injection 
shifts  the  plots  toward  the  lower  voltages;  with  that,  the  amount  of  shift  is  determined  by  this 
ratio  and,  hence,  by  the  injected  electron  current.  With  the  discharge  operating  voltage  kept 
constant,  injection  of  extra  electrons  allows  the  discharge  to  be  initiated  at  lower  pressures. 

The  current-voltage  characteristic  of  the  pulsed  discharge  is  a  rising  curve  (Fig.  3).  The 
discharge  operating  voltage  decreases  with  increasing  operating  pressure  and  injected  electron 
current. 

The  minimum  discharge  operating  voltage  realized  in  the  experiment  was  50  V.  In 
measuring  the  dependencies  of  the  beam  component  contents  on  operating  voltage  (Fig.  4), 
the  current  onto  the  main  discharge  dc  current  was  1  A.  At  a  voltage  over  200  V  the  content 
of  Ar^^  ions  is  5%  and  is  in  fact  invariable  with  voltage.  The  content  of  A^  ions  decreases 


md’ 


V 


Fig.  2.  Main  discharge  operating  voltage  ver¬ 
sus  auxiliary  discharge  current  to  main  dis¬ 
charge  current  ratio. 


Fig.  3.  Main  discharge  operating  voltage  ver 
sus  current. 
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Fig.  4.  Compositon  of  ion  beam  versus  main  Fig.  5.  Composiiton  of  ion  beam  versus 
discharge  operating  voltage.  main  discharge  current. 

gradually  with  decreasing  voltage.  For  voltages  below  100  V,  an  abrupt  decrease  in  Ar 
content  is  observed,  and  the  content  of  Al^  ions  at  the  lowest  achieved  discharge  operating 
voltage  is  not  over  0. 15%. 

Increasing  main  discharge  current,  /md,  leads  to  a  change  in  beam  composition  (Fig.  5). 
With  an  increase  in  /md  the  content  of  Ar^^  ions  as  well  as  the  contents  of  the  Al^  and  Cu^  ions 
of  respective  sputtered  metals  increase.  The  fraction  of  metallic  ions  increases  at  a  higher  rate 
than  the  fraction  of  Ar^^  ions  and  reaches  1 8%  at  a  current  of  45  A.  In  measuring  these  func¬ 
tions,  the  discharge  operating  voltage  was  increased  from  380  V  at  /md  =  2  A  to  700  V  at  /md  = 
45  A.  At  maximum  currents,  lines  of  ions  appear  in  the  spectrum,  their  content  in  the 
beam  being  0.4%. 

With  nitrogen  used  as  a  working  gas,  the  same  tendency  for  a  change  in  the  mass-charge 
composition  f  the  beam  with  increa&liig  discharge  current  is  observed.  At  a  low  discharge 
current  the  ion  beam  consists  of  and  ions  as  well  as  of  metallic  ions.  As  the  current  is 
increased  from  1.5  to  25  A,  the  content  of  ions  increases  from  12  to  25%,  and  ions  (up 
to  0.5%)  appear.  With  that,  the  metallic  fraction  of  the  ion  beam  increases  from  1.4  to  14%. 
Similar  dependencies  are  observed  for  discharges  operating  in  oxygen  and  methane. 


IV.  DISCUSSION 

Injection  of  extra  electrons  is  equivalent  to  an  enhancement  of  the  emissive  power  of  the 
cathode.  In  glow  discharges,  the  coefficient  of  secondary  ion-electron  emission  is  y  <0.1 
electron/ion.  Therefore,  a  comparatively  small  fraction  of  extra  electrons  is  suffice  to  change 
substantially  the  parameters  of  the  main  discharge.  The  discharge  operating  voltage  decreases 
on  injection  of  electrons  since,  first,  a  high  discharge  voltage  is  not  necessary  to  provide 
emission  from  the  cathode  and,  second,  when  ionizing  electrons  are  great  in  number,  their 
energy  may  be  decreased.  Injection  of  additional  ionizing  electrons  makes  possible  a  reduc¬ 
tion  of  the  minimum  operating  pressure. 

The  effect  of  the  decrease  in  discharge  operating  voltage  due  to  injection  of  extra  elec¬ 
trons  on  the  content  of  metallic  ions  in  the  beam  is  accounted  for  by  the  decrease  in  the  coef¬ 
ficient  of  the  sputtering  of  the  cathode  material  caused  by  ion  bombardment  with  decreasing 
Fmd-  Evidently,  the  abrupt  decrease  in  Ar^^  content  at  voltages  below  200  V  is  related  to  the 
fact  that  the  double  ionization  potential  and  cross  section  are  shifted  toward  the  higher  ener¬ 
gies.  The  Ar'^-to-Ar^’^  content  ratio  at  voltages  over  200  V  approximately  corresponds  to  the 
probability  ratio  for  single  and  double  ionization. 
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When  comparing  the  parameters  of  a  pulsed  discharge  corresponding  to  the  initial  por¬ 
tion  of  its  current-voltage  characteristic  with  the  parameters  of  a  dc  discharge,  it  appears  that 
the  latter  calls  for  a  higher  gas  pressure  for  its  operation  than  the  former  one,  other  parameters 
being  the  same.  A  possible  explanation  of  this  fact  may  be  the  desorption  of  the  gas  atoms 
adsorbed  by  the  cathode  surface  during  the  interpulse  period  under  the  action  of  an  ion  flow 
onto  the  cathode  and,  as  a  consequence,  a  short-time  elevation  of  pressure  in  the  discharge 
chamber. 

The  dependence  of  the  beam  composition  on  discharge  current  suggests  that  at  a  high 
current  the  discharge  plasma  density  becomes  comparable  to  the  gas  atom  density.  The  in¬ 
crease  in  Ar^”^  content  with  discharge  current  is  evidence  of  stepwise  ionization  occurring  in 
the  discharge  chamber,  which  is  process  depending  on  plasma  density  and,  hence,  on  dis¬ 
charge  current.  The  increase  in  Ar^^  in  this  case  cannot  be  explained  only  by  the  increase  in 
discharge  operating  voltage  accompanying  the  discharge  current  rise  since  the  plot  in  Fig.  4 
shows  that  the  Ar^^  fraction  depends  on  this  voltage  only  in  the  range  Vmd  <  200  V. 

On  the  contrary,  the  mare  rapid  increase  in  the  content  of  metallic  ions  in  the  beam  is  due 
to  not  only  the  effect  of  current  on  the  increase  in  the  amount  of  sputtered  atoms,  but  also  due 
to  the  dependence  of  the  coefficient  of  sputtering  of  the  cathode  material  on  ion  energy.  The 
prevalence  of  the  copper  ion  content  over  the  aluminum  ion  content  in  the  beam  can  be  ac¬ 
counted  for  by  the  higher  sputtering  coefficient  for  copper  [7]  and  by  the  fact  that  the  copper 
electrode  is  in  the  close  vicinity  of  the  emission  region. 

Estimation  of  the  plasma  density  at  the  maximum  discharge  current  (45  A)  by  the  well- 
known  Rohm  formula  for  the  current  onto  the  main  discharge  cathode  yields  lO'^  cm'^  Even 
if  we  take  into  account  that  the  pressure  almost  doubles  as  a  result  of  the  gas  desorption  oc¬ 
curring  during  the  discharge  pulse,  we  obtain  that  the  plasma-to-neutral  density  ratio  reaches 
0.4. 

Thus,  injection  of  electrons  into  the  cathode  cavity  of  a  glow  discharge  results  in  a  de¬ 
creased  discharge  operating  voltage  and  in  a  lower  minimum  operating  pressure  necessary  for 
the  discharge  to  occur.  A  decrease  in  the  operating  voltage  of  a  hollow-cathode  glow  dis¬ 
charge  decreases  the  percentage  of  metallic  ions  in  the  gaseous  ion  beam.  For  a  hollow- 
cathode  glow  discharge,  a  high-current  pulsed  mode  has  been  realized  that,  along  with  the 
benefit  from  the  decrease  in  operating  pressure,  has  made  it  possible  to  obtain  the  working  gas 
40%  ionized. 
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At  present  stage  of  development  of  material  research  the  principal  attention  is 
attracted  the  physic-chemical  systems  with  a  high  degree  of  unequilibrity;  such  as 
amorphous  alloys,  compositive  materials,  thin-film  multilayer  materials  etc.  These 
systems  possessed  unique  properties  only  in  states  remote  on  equilibrium  are  unstable. 
The  spontaneous  processes  develop  continuously  in  these  systems,  which  transform  ones 
in  states  more  like  to  equilibrium. 

In  the  overwhelming  majority  these  processes  are  carried  out  in  solid-phase 
materials  by  diffusion  mechanism.  However,  in  last  time  [1,  2]  it  was  found  out  that 
analogous  migration  of  atoms  in  materials  was  possible  without  thermal  activation 
under  high-energy  electron  irradiation  (E  >  1  MeV).  Apparently,  for  the  first  time  this 
effect  was  found  under  investigation  of  radiation  resistance  of  alloys  [3,  4].  In  [3,  4] 
anomalously  high  mobility  of  atoms  and  the  formation  of  new  phases  was  detected 
under  irradiation.  After  that  the  direct  evidences  of  this  effect  were  received  in 
investigations  of  the  electron-stimulated  mass  transport  in  flaky  systems  [5-10]. 

For  the  results  of  these  works  we  can  let  following  comments: 

1 .  In  [5]  it  was  found  out  that  under  influence  with  electron  beams  with  energy  E  >  1 
MeV  on  two-layer  specimens  both  migration  of  atoms  from  irradiated  layer  and  reverse 
one  occured. 

2.  According  to  [6]  it  is  followed  that  electron  irradiation  increase  both  diffusion 
mobility  of  atoms  and  activation  energy.  This  circumstance  cause  a  certain  suprise  since 
majority  of  known  mechanisms  of  electron-stimulated  mass  transport  depends  on  the 
non-thermal  character  of  atom  migration. 

3.  According  to  [7]  it  is  followed  that  this  effect  is  barier  character.  It  is  shown  at 
electron  energy  of  E  >  Eb  individual  for  each  materials. 

4.  The  influence  of  “electron  wind”  on  the  process  of  electron-stimulated  mass 
transport,  apparently,  is  not  considerable  because  of  small  value  of  scattering  of 
relativistic  electrons  by  ions  of  cristalline  lattice  [1 1]. 

5.  In  [8]  the  amorphization  of  intermetallic  compounds  under  high-energy  electron- 
beam  irradiation  was  considered.  It  was  shown  that  not  only  except  electron  energy  but 
the  irradiation  temperature,  and  relative  atomic  sizes  were  important  factors  for  the 
amorphization  of  intermetallic  compounds. 

However,  behaviour  of  flaky  systems  for  greatest  times,  when  homogenization  of 
initial  systems  takes  place,  is  not  considered  in  these  works.  It  is  considered  that  final 
states  must  coincide  to  equilibrium  ones.  That  point  of  view  is  based  by  the  assumption 
that  electron  beam  do  not  essentialy  change  the  energetic  bonds  in  crystals  but  may 
cause  a  formation  of  supplementary  defects  facilitating  the  atom  migration. 

However,  in  [9]  under  electron  irradiation  of  two-layer  Cu(0. 1  mm)-W  specimen  the 
formation  of  diffusion  zone  ~8-10  pm  in  which  the  copper  concentration  reached  10-15 
%  was  observed  from  side  of  copper.  Since  these  metals  is  unsoluble  in  each  other  then  it 
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may  be  supposed  that  stationary  states  of  the  irradiated  systems  for  greatest  times  do  not 
coincide  with  equilibrium  ones. 

In  this  connection  it  is  necessary  to  note  that  the  intermediate  states  of  system 
investigated  in  the  irradiation  experiments  may  be  described  if  there  are  known  initial 
non-equilibrium  state,  final  equilibrium  or  stationary  state  of  system,  and  kinetic 
equation  describing  regularity  of  change  of  system  parameters  under  its  transition  to 
final  state.  For  flaky  materials  that  formulation  is  highly  actual  since  for  these  materials 
the  fulfilment  of  all  conditions  is  really. 

The  principle  problem  which  arise  for  that  description  is  that  if  the  final  states  of 
system  under  high-energy  electron  irradiation  are  equilibrium  or  stationary 
(quasiequilibrium).  We  note  that  existance  of  these  quasiequilibrium  states  is  not 
contradict  to  general  thermodinamical  principles,  since  both  equilibrium  and 
quasiequilibrium  states  correspond  to  condition  of  continuity  of  the  chemical  potential 
change  on  the  phase  boundary  of  flaky  system.  In  this  connection  the  aim  of  our  work 
was  to  investigate  an  interaction  of  elements  on  the  boundary  of  flaky  systems  for  the 
greatest  time  under  high-energy  electron  irradiation  at  the  temperatures  sufficient  for 
formation  of  final  states,  to  comparise  these  states  with  known  equilibrium  ones. 


PROCEDURE  AND  DEVICES 

The  UELV-10-10  linear  accelerator  (electron  energy  -  8-T-12  MeV,  maximum  current 
density  of  beam  -  15  pA/cm^,  mean  power  of  beam  -  10  kW)  was  used  for  irradiation  of 
specimens.  Irradiation  was  carried  out  in  vacuum  ~10-^  torr.  The  specimens  fixed  in 
special  thermostated  device  allowing  to  change  the  temperature  of  the  specimens  in  the 
range  of  600-^1800  K.  The  temperature  was  controled  by  the  uncontacted  method  with 
two-spectral  pirometer. 

The  specimens  of  flaky  systems  were  prepared  with  use  of  high-pure  metals: 
electrolitical  Ni  and  Mo,  V  after  fourple  zone  refining.  The  flaky  systems  were  produced 
by  deposition  of  metals  on  substrate  of  electroconductive  composits  in  the  evaporater  of 
magnetron  type.  Thickness  of  layers  for  the  different  materials  was  from  50  to  200  pm 
and  was  chosen  so  in  order  to  quasiequilibrium  diffusion  zone  on  an  interface  had  a  time 
to  form. 

In  order  to  find  the  final  states  of  flaky  systems  after  irradiation  a  new  kinetic 
methods  have  been  created.  This  method  is  based  on  superposition  of  diffusion  zones.  In 
this  method  it  is  possible  the  use  of  pure  metals  as  individual  layers  for  production  of 
final  states. 

In  the  method  (fig.  1)  after  dissolution  of  the  layers  of  the  finite  thickness  the 
diffusion  zones  formed  on  its  boundary  are  re-covered  and  the  scanning  of  the  diffusion 
path  on  the  plane  of  the  isothermal  cross-section  of  state  system  diagram  is  beginning. 

In  order  to  draw  izothermal  cross-section  of  the  state  system  diagram  the  irradiation 
of  specimens  was  carried  out  at  fixed  temperature  for  the  different  expositions.  After 
each  exposition  the  phase  composition  and  the  distribution  of  elements  is  defined  in 
formed  diffusion  zone.  For  investigations  a  set  of  methods  of  physic-chemical  analysis 
was  used,  including  optical  and  scanning  electron  microscopy.  X-ray  phase  analysis  and 
micro  X-ray  spectral  analysis.  The  information  about  structure  of  diffusion  zone  after 
each  subsequent  exposition  was  compared  with  the  one  received  after  the  preceding 
exposition  and  with  the  results  received  on  the  controlling  unirradiated  specimen 
producted  in  too  conditins. 
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Figure  1.  Form  of  the  specimens,  diffusion  pathes  and  structure  of  the  diffusion  zones  in 
method  of  superposition  of  diffusion  zones. 


THE  RESULTS  OF  EXPERIMENTS 

In  this  work  the  behaviour  of  the  irradiated  Mo-Ni  diffusive  pair  for  the  different 
cross-sections  of  state  diagram  in  range  of  1000-1700  K  was  investigated.  According  to 
the  equilibrium  state  diagram,  apart  from  solid  solutions  on  the  base  of  Ni  and  Mo  three 
phases  are  formed.  Phase  of  MoNi  is  formed  by  peritectic  reaction  at  1635  K.  Phases  of 
MoNi2  and  MoNis  are  formed  by  peritectoidic  reactions  at  1183  K  and  1148  K.  For 
example,  under  interaction  of  Ni  and  Mo  in  equilibrium  conditions  at  temperature  1 300 
K  the  following  structures  must  be  formed:  a)  solid  solution  on  the  base  of  Ni, 
containing  ~23  %  at.  Mo;  b)  MoNi  phase  containing  ~55  %  at.  Mo;  c)  solid  solution  on 
the  base  of  Mo,  containing  ~2  %  at.  Ni. 

However,  during  irradiation  the  concentration  contents  of  Ni  and  Mo  at  this 
temperature  changes  markedly.  The  contents  of  Ni  in  phase  of  MoNi  increases  to  52  % 
and  concentration  of  Ni  in  solid  solution  on  the  base  of  Mo  at  an  interface  increases  in 
3-4  times.  Contents  of  Ni  in  solid  solution  on  the  base  of  Ni  also  increases  to  ~85  %,  and 
the  limitary  concentration  exceeds  equilibrium  one.  The  concentration  profiles  of  Ni  in 
the  transition  zone  of  Mo-Ni  diffusive  pair  under  izothermal  annealing  at  1300  K  for  100 
bourses  and  under  irradiation  (electron  energy  -  12  MeV,  integral  dose  -  5-10^ 
electrons/cm2)  jg  presented  on  fig.  2a,b  accordingly.  Investigation  of  the  other  izothermal 
cross-sections  allowed  to  detect  removal  of  the  temperatures  of  formation  of  MoNi2  and 
MoNis  phases  to  the  values  of  more  high  temperatures.  They  are  1244  K  and  1206  K 
accordingly.  By  this,  apart  from  common  acceleration  of  mass  transport  across  the 
interface  its  amorphization  with  formation  of  supersatured  regions  in  relation  to 
equilibrium  compositions  determined  equilibrium  state  diagram  was  observed  by  the 
electron-graphic  method. 

For  study  of  influence  of  irradiation  on  chemical  compatibility  a  series  of 
izothermal  cross-section  of  the  state  diagram  of  Ni-Mo-V  in  the  triple  system  was 
studied  at  too  irradiation  conditions.  Mo  and  V  are  incompatible  with  Ni  but  there  is  a 
wide  range  of  two-phase  equilibrity  between  BCC  solid  soluton  on  the  base  of  Mo  and 
FCC  solid  solution  on  the  base  of  Ni.  If  we  shall  be  able  to  select  the  parameters  of 
irradiation  in  order  to  diffusion  path  passed  across  two-phase  region  then  a  problem  of 
the  chemical  compatibility  this  class  of  materials  may  be  solved. 

The  investigation  of  the  izotherms  of  this  system  in  absence  of  irradiation  (fig.  3a) 
have  shown  that  V  with  Ni  forms  cr-phase  which  in  three-system  is  able  to  form  three- 
phase  equilibrity  of  c+P+y.  In  Ni-Mo-V  system  both  5-phase  of  Mo-Ni  system  and  a- 
phase  of  Ni-V  system  have  a  small  stability.  In  result  we  observed  a  wide  region  of  two- 
phase  equilibrity  of  p-t-y,  limited  the  triple  phase  equilibrities  with  the  phases  of  a  and  8. 
Investigation  of  this  system  in  conditions  of  irradiation  showed  that  in  the  range  of 
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concentrations  of  30-65  %  at.  V  the  formation  of  layers  of  intermetallic  compounds  on 
the  interface  was  not  observed  (fig.  3b).  The  strenght  of  binding  of  the  layers  after 
irradiation  is  on  the  level  of  the  strenght  of  Ni.  In  the  alloy  with  V  concentration  less  20 
%  the  layer  of  5-phase  of  Mo-Ni  system  was  formed,  and  in  the  alloy  with  V 
concentration  more  60  %  the  layer  of  a-phase  of  Ni-V  system  was  formed.  Irradiation 
allows  to  reach  the  chemical  compatibility  of  Ni-V  alloys  with  Mo  at  V  concentration  of 
-28-67%  (fig.  3). 
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Figure  2.  Concentration  profiles 
of  Ni  in  the  transition  zone  of 
Mo-Ni  diffusive  pair: 

1)  annealing  without  irradiation; 

2)  annealing  under  irradiation. 


Figure  3.  Izothermal  cross-section  on  the  state 
diagram  of  Mo-Ni-V  system  at  temperature  of 
1300  K; 

a)  without  irradiation; 

b)  under  irradiation. 
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ABSTRACT 

The  phenomenon  of  stimulated  condensation  of  nonsaturated  vapors  of  organic 
compounds  observed  in  recombining  nonequilibrium  plasma  of  atmospheric  pressure  pulsed 
discharges  has  been  studied  experimentally.  It  has  been  found  that  an  aerosol  is  produced 
even  at  a  partial  pressure  of  vapors  making  up  only  0.1-10%  of  the  saturation  pressure.  The 
results  of  an  investigation  of  aerosol  characteristics  are  presented.  It  has  been  demonstrated 
that  the  harnessing  of  this  phenomenon  increases  substantially  the  efficiency  of  the  process  of 
scrubbing  air  from  organic  impurity  vapors. 


INTRODUCTION 

The  dominant  role  of  charged  particles  in  processes  of  heterogeneous  generation  of  drops 
was  first  noticed  by  C.T.R.  Wilson  [1].  The  principle  of  operation  of  the  Wilson  chamber  is 
based  on  condensation  of  supersaturated  vapors.  It  is  known  that,  even  in  a  nonsaturated 
vapor,  charges  always  generate  drops  (or  clusters)  whose  characteristic  size  is  on  the 
nanometer  scale  [2]. 

In  the  literature  there  are  data  on  the  formation  of  aerosols  in  various  plasmachemical 
processes.  Thus,  Bogdanov  [3]  reports  on  measurements  of  the  mass  characteristics  of  the 
aerosol  formed  on  radiolysis  of  gaseous  hydrocarbons  under  the  action  of  an  electron  beam. 
Paur  and  co-workers  [4]  reports  on  the  plasmachemical  scrubbing  of  air  from  organic  solvent 
vapors.  It  is  proposed  to  harness  the  phenomenon  of  aerosol  formation  under  the  action  of  an 
electron  beam  for  increasing  the  efficiency  of  the  scrubbing  process.  It  has  been  shown  [4] 
that  the  detected  aerosol  particles  consist  of  partially  oxidized  and  polymerized  molecules  of 
the  original  organic  impurity.  In  our  opinion,  a  phase  transition  with  the  formation  of  an 
aerosol  occurs  in  many  plasmachemical  processes  where  nonequilibrium  low-temperature 
plasma  is  present.  At  the  same  time,  the  mechanism  for  the  formation  of  aerosol  particles  and 
the  particle  parameters  has  not  been  studied  at  all.  This  paper  presents  results  of  our  study 
performed  in  this  line. 


EXPERIMENTAL 

The  high-voltage  nanosecond  pulse  generator  [5]  was  used  in  the  experiment.  A 
schematic  diagram  of  the  setup  is  given  in  Fig.  1 .  The  electric  circuit  of  the  setup  operates  as 
follows:  Resonance  charging  of  the  capacitors  C\-Cn  is  performed  from  a  single-phase  ac 
supply  line  through  the  transformer  Ti.  As  the  spark  gap  SG2  operates,  pulsed  charging  of  the 
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double  pulse- forming  line  (1)  occurs.  Closure  of  the  spark  gap  ^Gl  results  in  application  of  a 
pulsed  voltage  of  amplitude  up  to  150  kV  to  the  electrode  (2).  The  voltage  pulse  duration  is  5 
ns  and  is  determined  by  the  dimensions  of  the  double  pulse-forming  line.  Pulsed  corona 
discharge  is  initiated  between  the  high-voltage  electrode  (2)  and  the  grounded  case  (3).  The 
pulse  repetition  rate  is  33,  50  or  100  Hz.  The  power  absorbed  by  the  discharge  could  be 
varied  from  3  to  30  W.  There  have  been  used  two  constructions  of  high-voltage  electrodes. 
Wire  high-voltage  electrode 
consists  of  0.2  mm  in 
diameter  and  130  mm  in 
length  wires,  and  knife 
electrode  consists  of  one  0.2 
mm  thick  stainless  steel 
disk. 

Gas  (air,  argon,  nitrogen) 
with  a  controllable  content 
of  organic-liquid  vapors  is 
fed  through  the  inlet  pipe 
(4),  goes  through  the 
discharge  zone,  enters  the 
measuring  chamber  (5),  and 
then  is  removed  through  the 
outlet  pipe  (6).  The  gas 
flow  rate  is  up  to  900  1/h.  The  vapor  content  is  varied  in  the  range  of  0.4-3  g/m^.  The 
formation  of  an  aerosol  could  be  watched  and  photographed  owing  to  the  transparent  walls  of 
the  measuring  chamber.  The  concentration  of  aerosol  particles  and  the  particle  size  were 
measured  by  nephelometer,  which  was  connected  to  the  outlet  pipe  (6). 


RESULTS  AND  DISCUSSION 

The  formation  of  an  aerosol  with  the  particle  size  ranging  from  0.05  to  0.5  pm  from 
nonsaturated  vapors  of  linear  (Cs-Cg)  and  aromatic  (styrene,  xylene)  hydrocarbons  was 
detected  for  various  carrier  gases  (air,  argon,  nitrogen),  but  measurements  were  performed  in 
the  main  for  the  air-styrene  and  argon-styrene  mixtures.  Volume  and  mass  concentration  of 
aerosol  were  varied  in  the  range  of  10^  -  10**  cm"^  and  0.1-  2  g/m^,  respectively.  The 
characteristics  of  aerosol  depended  on  resident  time  of  gas  -  vapor  mixture  in  the  discharge 
zone,  discharge  power,  and  geometry  of  discharge  zone,  vapor  mass  concentration  in  original 
gas. 

It  is  found  that  aerosol  has  electrical  charge.  The  charge  state  of  the  aerosol  was 
determined  from  measurements  of  its  conductivity.  With  this  purpose,  a  plane-parallel 
electrode  system  with  the  electrode  separation  d  ^  \  cm  and  the  effective  area  of  current 
extraction  S  »  250  cm^  was  placed  in  the  diagnostic  chamber.  Gas  containing  charged  aerosol 
particles  was  passed  through  the  system.  Measuring  the  current  for  a  given  electric  field 
between  the  electrode  makes  it  possible  to  find  the  conductivity  of  the  medium  and  to 
estimate  the  charge  density.  Voltage-current  characteristics  of  the  aerosol  medium  for 
different  concentrations  of  the  impurities  are  given  in  Fig.  2.  The  air  flow  rate  in  the  course 
of  measurements  was  700 1/h.  It  can  be  found  from  the  values  of  current  saturation  that  charge 
density  in  the  aerosol  is  varied  from  lO^cm'^  for  iso-propanole  (lower  curve)  up  to  1.5  lO^cm'^ 
for  styrene  (upper  curve). 
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Electric  field  sirenght  V/cm 


Fig.2.  Current  -  voltage  characteristics  of  the 
aerosols. 


The  mechanism  for  the 
concentration  of  vapors  can  be 
represented  in  the  following 
simplified  form.  The  plasma  ions 
generated  by  the  pulsed  corona 
discharge  serve  as  condensation 
centers  for  microdrops  with  a 
characteristic  size  of  some  fractions  of 
a  nanometer.  Later  the  drops  grow  in 
size  due  to  their  coalescence  as  a 
result  of  thermal  motion  and  under  the 
action  of  mutual  Coulomb  attraction. 

Estimates  have  shown  that  with 
the  characteristic  drop  radius  i?  «  10 
nm  the  most  efficient  coalescence  of 


drops  is  due  to  their  thermal  motion.  Neglecting  the  process  of  drop  evaporation,  we  can 
obtain  an  estimate  of  the  average  drop  radius  as  a  function  of  time  t,  since  the  formation  of 


primary  seeds: 


Time,  s 

Fig.  3.  The  average  drop  radius  as  a  function  of  time 


i(«[5(p„/pi)((3Ar/2pi)'T’- 

The  results  of  calculations  of 
average  drops  radius  for  two 
mass  concentration  of  aerosol 
as  a  function  of  time  are 
presented  in  Fig.3.  There  are 
experimental  points  at  the 
same  figure,  which  have  been 
obtained  in  experiments  with 
argon-styrene  mixture.  Knife 
high-voltage  electrode  was 
used.  Argon  flow  rate  was 
250  1/h.  Discharge  power  was 
equal  to  3  W. 


HARNESSING  OF  THE  PHENOMENON  OF  STIMULATED  CONDENSATION 

We  have  realized  on  the  laboratory  scale  the  air  scrubbing  process  based  entirely  on  the 
effect  of  stimulated  condensation.  This  process  was  realized  with  the  use  of  the  same 
technique  (Fig.  1).  A  water  scrubber  was  used  for  removal  of  aerosol  from  the  air.  The 
principle  of  the  cleaning  process  was  as  follow.  The  air  with  organic  impurities  is  ionized 
with  the  use  of  a  pulsed  corona  discharge  in  an  ionization  chamber.  The  ions  of  the 
nonequilibrium  low-temperature  plasma  produced  become  primary  condensation  centers  for 
the  impurity  molecules.  In  the  process  of  recombination  of  the  plasma,  the  drops  increase  in 
size  and  a  stable  charged  aerosol  is  formed.  The  air  containing  aerosol  particles  enters  a  water 
scrubber  where  it  is  scrubbed  from  the  condensed  impurity.  The  high  efficiency  of  the 
condensation  scrubbing  has  been  demonstrated  in  an  experiment  described  below.  The  main 
goal  of  the  experiment  was  to  compare  the  energies  to  be  expended  for  the  removal  of  one 
impurity  molecule  by  the  method  of  oxidation  in  a  discharge  and  by  the  method  of 
condensation  scrubbing.  Experimentation  with  the  system  described  was  performed  in  three 
modes: 
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Mode  I:  The  high-voltage  pulse  generator  is  on  and  the  scrubber  is  on.  With  that,  styrene 
vapor  is  partially  oxidized  in  the  discharge  and  condensed  with  the  formation  of  an  aerosol 
and  removal  of  aerosol  particles  in  the  scrubber. 

Mode  n  :  The  high-voltage  pulse  generator  is  on,  while  the  scrubber  is  off.  With  that, 
partial  oxidation  of  styrene  and  its  condensation  occur  as  well,  but  the  condensed  drops  are 
not  removed  from  the  gas  and  evaporate. 

Mode  III  :  The  generator  is  off,  while  the  scrubber  is  on.  In  this  mode,  absorption 
removal  of  styrene  being  in  the  vapor  phase  is  accomplished. 

The  results  of  the  experiment  are  given  in  Table  1.  From  the  data  presented  in  Table  1  it 
can  be  concluded  that  the  highest  scrubbing  efficiency  is  achieved  in  Mode  I.  The  removal  of 
condensed  styrene  drops  in  the  scrubber  decreases  substantially  the  energy  required  to  remove 
one  molecule  of  styrene.  The  best  results  we  obtained  were  13  eV  per  molecule,  which  is 
significantly  lower  than  the  energies  typically  consumed  in  plasmachemical  oxidation 
facilities. 


Table  1  Characteristics  of  different  air  scrubbinj 

V  modes. 

Conditions  of  the  process 

Mode  I 

Mode  II 

Mode  ni 

Air  flow  rate,  m  /h 

0.6 

0.6 

0.6 

Air  temperature, 

20 

20 

20 

Styrene  content  in  the  original 
air,  g/m^ 

2.16 

2.16 

1 

Electrical  power  absorbed  by 
the  discharge,  W 

7.5 

7.5 

0 

Water  flow  rate  in  the 
scrubber,  1/h 

30 

0 

30 

Styrene  content  in  the  treated 
air,  g/m^ 

0.09 

0.98 

0.5 

Efficiency  of  air  scrubbing,  % 

96 

54.6 

50 

Energy  input,  eV/molecule 

13 

23 

- 

SUMMARY 

1.  The  low-temperature  nonequilibrium  plasma  produced  by  a  pulsed  electrical  discharge 
serves  as  an  efficient  aerosol  generator  even  if  the  partial  pressure  of  the  condensing  material 
vapor  is  much  lower  than  the  saturation  pressure. 

2.  Stimulated  condensation,  taken  into  account  and  used  purposefully,  increases 
substantially  the  energy  efficiency  of  the  process  of  air  scrubbing  from  low-concentrated 
organic  vapors. 

3.  The  air  cleaning  method  suggested  makes  it  possible  to  decrease  the  energy  expenditure 
for  cleaning  in  comparison  with  plasmachemical  and  catalytic  ones.  The  advantage  of  the 
method  becomes  apparent  at  an  initial  concentration  of  the  impurity  less  than  1  g/m^. 
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INTRODUCTION 

Rational  use  of  methane  constituting  the  major  portion  of  natural  gas  has  been  the  subject 
of  investigation  for  many  research  groups  throughout  the  world.  Some  studies  have  been 
devoted  to  the  plasmachemical  conversion  of  methane-oxygen  mixtures  into  methanol  [1,  2], 
Okasaki  and  co-workers  [2]  have  found  evidence  for  the  possibility  of  the  production  of 
methanol  at  comparatively  low  energies  consumed;  however,  the  degree  of  conversion 
achieved  was  not  over  a  few  percent.  At  the  same  time,  an  increase  in  the  degree  of 
conversion  is  accompanied  by  a  fast  rise  in  the  fraction  of  profound  oxidation  products  - 
carbon  oxides  [1,  2]. 

This  course  of  events  could  be  avoided  if  intermediate  incomplete  oxidation  products 
could  be  removed  from  the  reaction  zone.  It  is  known  that  radiolysis  of  gaseous  hydrocarbons 
is  accompanied,  under  certain  conditions,  by  the  formation  of  an  aerosol  consisting  of 
condensing  reaction  products  [3],  This  process  can  be  used  for  removal  the  desired  conversion 
products  from  the  active  zone  of  the  reactor.  The  present  study  has  been  devoted  to  the 
conversion  of  light  hydrocarbons  mixed  with  oxygen  in  a  plasmachemical  reactor  where 
condensation  of  intermediate  products  stimulated  by  an  electrical  discharge  has  been 
accomplished. 


EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 


plasmachemical  barrier-  discharge  reactor. 


The  schematic  diagram  of  the  setup 
is  given  in  Fig.  1.  The  discharge  was 
initiated  with  the  use  of  a  high  -  voltage 
pulse  generator  (1)  producing  high- 
voltage  pulses.  The  pulse  waveform 
was  similar  to  that  of  one  wave  of 
harmonic  oscillations.  The  most 
important  parameters  of  the  system  are 
given  in  Table  1.  The  plasmachemical 
reactor  consisted  of  twenty  discharge 
cells  joined  in  series  for  the  passage  of 
gas.  The  voltage  pulse  was  applied  to 
high-voltage  electrodes  (2)  covered 
with  a  dielectric  barriers  (3),  The 
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grounded  electrodes  (4)  were  cooled  to  10 — 
1 5  ”C  with  a  water-  cooling  system  (5). 

Natural  gas  consisting  of  methane  (up  to 
90  wt.  %)  and  the  lowest  alkanes  C2  -  C4 
(about  10  wt.  %)  was  used  in  the  experiment. 
The  natural  gas  mixed  with  oxygen  (30  vol. 
%)  was  supplied  to  the  reactor  through  an 
inlet  pipe  (6).  The  gas  passed  sequentially 
through  all  sections  of  the  reactor  and  was 
removed  through  the  outlet  pipe  (7).  The 
reaction  of  oxidation  of  hydrocarbon  proceeds 
in  the  reactor  on  initiation  of  a  discharge.  The 
Table  1,  Parameters  of  equipment  incomplete  oiddation  are 

condensed  on  the  plasma  ions,  which  prevent 
them  from  further  oxidation.  The  resulting  aerosol  consisting  of  the  reaction  products  diffuses 
toward  the  cooled  metal  electrode  and  precipitates  on  its  surface.  The  condensate  film  is 
removed  from  the  active  zone  of  the  reactor  under  the  action  of  the  gravity  force.  The 
condensate  is  collected,  with  the  help  of  a  pipe  system  (8),  in  a  receiver  (9). 


parameter 

value 

Power  input 

0.6  kW 

Amplitude  of  high-  voltage 
pulses 

up  to  15  kV 

Pulse  repetition  frequency 

1  kHz 

Pulse  duration 

70  ps 

Electrode  area 

0.8  m^ 

Gas  flow  rate 

up  to  200  1/h 

Temperature  of  cooled 
electrodes 

15  T 

Conversion  yield 

up  to  40  % 

EXPERIMENTAL  RESULTS 

Harnessing  the  stimulated  phase  transition  of  reaction  products  directly  in  the  discharge 
zone  has  made  it  possible  to  increase  the  degree  of  conversion  of  the  gas  mixture  to  40  %  with 
no  increase  in  the  yield  of  complete  oxidation  products.  The  contents  of  the  reaction  products 
determined  by  a  chromatographic  method  are  given  in  Table  2.  The  main  useful  reaction 
products  are  formic  acid  and  methanol.  It  can  be  seen  also  that,  96  %  of  the  condensable 
reaction  products  are  in  the  liquid  phase.  The  partial  pressure  of  the  methanol  vapor  is  an 

order  of  magnitude  lower  than  the 
equilibrium  pressure  of  the  vapor  above 
the  water  solution.  Other  substances 
presented  in  the  condensed  phase,  such 
as  formic  acid,  methylformate,  and 
ethanol,  have  not  been  detected  in  the 
gas  phase,  or  their  contents  have  been 
measured  to  be  a  few  fractions  of  a 
percent.  The  efficiency  of  the 
conversion  of  carbon  into  incomplete 
oxidation  products  has  made  up  about  60 
%.  It  should  be  noted  that  the  cost  of 
formic  acid  is  higher  than  the  cost  of 
methanol  by  an  order  of  magnitude.  In 
view  of  this,  the  plasmachemical 
Table  2.  Composition  of  the  conversion  products  technologies  for  the  production  of  formic 
found  in  the  condensate  and  effluent  gas  acid  appear  to  have  considerable 

promise.  The  noticeable  content  of 
methylformate  (HCOOCH3)  in  the  condensate  is  due  to  the  chemical  reaction  between 
methanol  and  formic  acid  proceeding  even  in  the  condensed  phase.  The  presence  of  ethanol 


Product 

Found  in  conden¬ 
sate,  wt.% 

Found  in 
gas,  wt.% 

water 

36.5 

1.9 

formic  acid 

21.6 

below  0.2 

methanol 

8.7 

1.2 

methylformate 

3.7 

0.4 

acetic  acid 

1.2 

below  0,2 

acetaldehyde 

0.6 

below  0,2 

ethanol 

0.6 

below  0.2 

formaldehyde 

below  0.2 

0.5 

carbon  monoxide 

below  0.2 

11.6 

carbon  dioxide 

below  0.2 

10.4 

ethylene 

below  0.2 

0,5 

Total,  % 

72.9 

26.7 
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(C2H5OH)  and  acetic  acid  (CH3COOH)  is  accounted  for  by  the  presence  of  C2  -  C4 
hydrocarbons  in  the  original  gas. 


Section  number 


The  data  of  the  analysis  of  the  composition 
of  the  condensate  taken  from  various  sections 
of  the  reactor  are  given  in  Fig.  2.  The 
condensate  formed  in  the  first  sections  of  the 
reactor  consists  of  mainly  formic  acid  plus 
water  and  hydrogen  peroxide.  Hydrogen 
peroxide  has  the  lowest  pressure  of  saturated 
vapor  among  these  substances.  Therefore,  it 
can  be  supposed  that  the  primary  centers  of 
condensation  are  nuclei  consisting 
predominantly  of  H2O2  molecules.  The 
formation  of  these  nuclei  in  the  first  sections  of 


Fig.  2.  Content  (mass%)  of  various  the  reactor  promotes  the  heterogenic  chemical 
components  in  the  condensate  sampled  reactions  taking  place  on  the  surface  of  aerosol 
from  various  sections  of  the  reactor.  drops.  This  physicochemical  process  has  the 

result  that  many  of  the  reactions  involved  go 
from  the  gaseous  phase  to  the  condensed  phase,  and  in  the  5th  to  10th  sections  the  condensate 
formation  rate  is  observed  to  rapidly  increase. 

The  influence  of  electrophysical  factors  on  the  process  efficiency  was  investigated  in  a 
plasmachemical  reactor  with  a  maximum  electrode  area  of  200  cm^.  The  repetition  rate  of  the 
voltage  pulses  was  varied  from  100  Hz  to  2  kHz  and  the  average  electric  power  released  in  the 
discharge  was  varied  from  5  to  40  W. 

The  curve  given  in  Fig.  3  was  obtained 
j  for  a  gas  mixture  containing  25  %  of  oxygen 

'  ’  and  for  a  reactor  with  an  electrode  area  of 

pulse  energy  was  fixed  at  35 

1^5;  mJ.  The  volumetric  degree  of  conversion 

g  ’  /  was  25  %  and  it  was  maintained  constant  by 

I  /  varying  the  flow  rate  of  the  gas  mixture  at  the 

-.2  1,0  -  reactor  inlet.  The  electrode  temperature  was 

I  A  10  °C. 

I  -j-/  The  curve  given  in  Fig.  3  has  two 

g  f  nearly  linear  sections  with  a  kink  at  a  pulse 

1  ■  .  .  ,  . . .  .  .  .  . . I  ,  .  repetition  frequency  of  1  kHz.  The  reduced 

0,0  0,5  1,0  1,5  2,0  slope  of  the  curve  at  high  frequencies  may  be 

Pulse  repetition  frequency,  kHz  an  indication  of  either  an  elevated  average 

Fig.3.  Condensate  formation  rate  as  a  temperature  of  fte  gas  in  the  reactor  or  be  a 
function  of  pulse  repetition  frequency  charactenstic  of  the  aerosol  formauon  time. 

The  increase  in  the  gas  temperature  due  to 
the  increase  in  discharge  power  with  increasing  pulse  repetition  frequency  should  decrease  the 
degree  of  saturation  of  the  vapor  and  the  condensation  rate.  The  same  effect  will  be  observed 
if  the  condensation  of  newly  formed  products  has  no  time  to  complete  within  the  interval 
between  successive  discharge  pulses.  In  this  case  a  new  portion  of  energy  is  expended  for 
decomposition  and  further  oxidation  of  the  incomplete  oxidation  products  already  formed  but 
yet  to  be  transformed  into  the  condensed  phase.  If  we  adhere  to  the  later  viewpoint,  we  can 
estimate  the  characteristic  time  for  condensation  and  heterophase  death  of  radicals  to  be  1  ms. 


Pulse  repetition  frequency,  kHz 

Fig.3.  Condensate  formation  rate  as 
function  of  pulse  repetition  frequency 
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Fig.4.  Energy  value  of  the  condensate  as  a 
function  of  pulse  energy. 

chemical  products  produced,  with  no  regard 
was  on  a  level  of  32  kW-h/kg. 


The  energy  absorbed  by  the  gas  in  a 
single  pulse  affected  substantially  the  energy 
efficiency  of  the  process.  Fig.  4  presents  the 
energy  value  of  the  condensate  as  a  function 
of  the  pulse  energy.  The  experiment  was 
performed  with  a  gas  mixture  containing  30 
%  of  oxygen.  The  pulse  repetition  frequency 
was  1  kHz.  The  pulse  energy  was  varied  by 
varying  the  parameters  of  the  power  supply 
circuit  of  the  discharge. 

As  can  be  seen  from  Fig.  4,  the 
energy  efficiency  increases  when  electric 
energy  is  supplied  to  the  gas  by  small 
portions.  The  minimum  energy  value  of  the 
condensate  achieved  in  this  experiment  was 
15  kW.h/kg.  The  energy  value  of  the 
of  the  water  incorporated  into  the  condensate, 


SUMMARY 

1 .  A  plasmachemical  process  of  the  oxidative  conversion  of  natural  gas  has  been  realized 
in  a  barrier-discharge  reactor. 

2.  The  recombining  chemically  active  plasma  generated  in  the  reactor  favors  the 
condensation  of  oxygen-containing  substances  even  if  the  partial  pressure  of  their  vapor  is 
significantly  lower  than  the  pressure  of  the  saturated  vapor.  This  phenomenon  can  be  c^led  a 
“stimulated  condensation”. 

3.  The  formation  of  a  metastable  condensed  phase  makes  it  possible  to  remove  a 
significant  part  of  the  incomplete  oxidation  products  from  the  gas-phase  reaction  zone  thus 
preventing  them  from  further  oxidation. 

4.  The  operating  modes  of  the  reactor  have  been  revealed  where  the  principal  useful 
reaction  product  is  formic  acid.  The  energetic  value  for  its  production  is  about  30  kW  h/kg. 
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ABSTRACT 

A  new-developed  method  for  deposition  of  amorphous  hydrogenated  diamond-like 
carbon  (a-C;H)  films  on  plate  dielectric  substrates  by  means  of  pulsed  surface  (gliding) 
discharge  at  atmospheric  pressure  is  presented  here.  It  was  found  that  films  properties  are 
influenced  mainly  by  pulse  volume  energy  density  and,  in  less  extent,  by  average  surface  power 
density  of  discharge,  with  optimum  at  about  75  J/cm^  and  2-3  W/cm^  correspondingly. 
Diamond-like  films  deposited  from  methane  under  these  conditions  are  similar  to  those 
obtained  by  traditional  low-pressure  (p  <10  Torr)  methods  of  chemical  vapour  deposition,  but 
the  equipment  for  a-C;H  film  deposition  in  the  surface  discharges  is  much  simpler  and  cheaper 
than  the  vacuum  systems  with  various  types  of  plasma  generator  conventionally  used  for  this 
purpose.  To  demonstrate  technological  potential  of  the  proposed  method  set-up  for  deposition 
of  a-C;H  films  on  flat  dielectric  substrates  of  20X50  cm^  was  created. 


INTRODUCTION 

In  spite  of  unique  combination  of  properties  and  rich  variety  of  deposition  methods, 
technological  application  of  amorphous  hydrogenated  carbon  (a-C:H)  diamond-like  films  (e.g. 
as  protective  and  hard  transparent  coatings  on  soft  large-area  plastic  components)  is  still 
limited,  mainly  because  of  low  productivity  and  high  cost  of  existing  equipment.  Therefore  it 
is  necessary  to  increase  an  efficiency  of  a-C;H  films  producing  without  sufficient  reduction  of 
their  quality.  Using  of  atmospheric  pressure  electric  discharges  (such  as  barrier  and  surface 
(gliding)  pulsed  discharges)  for  this  purpose  is  promising.  These  techniques  do  not  require 
complicated  vacuum  equipment  and  also  provide  fast  deposition  of  a-C;H  films  on  large-area 
low-melting-point  substrates.  However,  no  data  are  now  available  on  the  structure  and  properties 
of  carbon  coatings  deposited  with  the  use  of  the  plasma  of  such  atmospheric-pressure  discharge.  To 
obtain  a-C:H  films  using  surface  (gliding)  discharge  and  to  investigate  their  properties  was  just  the 
goal  of  the  work  imder  discussion.  Another  purpose  was  demonstration  of  technological  potential  of 
the  proposed  method  to  coat  large-scale  substrates  by  a-C:H  films  with  sufficient  growth  rate. 


EXPERIMENTAL 

The  pulsed  surface  (gliding)  discharge  was  realized  in  system  of  two  parallel  4-8  cm-long 
electrodes,  separated  with  distance  of  0.5-2  cm  and  situated  on  a  dielectric  plate  (Fig.l).  This 
discharge  gap  was  subjected  by  bipolar  voltage  pulses  with  duration  and  amplitude  of  50  |j,s 
and  18  kV  correspondingly  and  with  repetition  frequency  of  1  kHz.  As  a  result,  surface 
discharge,  consisting  of  statistically  and  spatially  homogeneously  distributed  single  breakdowns 
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Fig.  1  Schematic  of  pulsed  surface  (gliding)  discharge: 


was  initiated  between  electrodes.  Using 
methane  as  a  source  gas,  substrate 
surface  between  the  electrodes  was 
homogeneously  covered  by  a-C:H  film 
deposited  under  atmospheric  pressure. 

To  determine  pulsed  volume 
energy  density  and  average  surface 
power  density,  oscillograms  obtained  by 
means  of  high-speed  oscilloscope,  and 
photographs  of  sparks  were  analyzed. 
Similar  method  was  used  in  [1,2].  These 
characteristics  were  easily  influenced  by 
parameters  of  the  discharge  circuit  of 


1-  high-voltage  electrode;  2-grounded/initiating  electrode; 

3-  dielectric  plate  (substrate);4-  single  spark  breakdown; 

5-  discharge  region. 

pulse  voltage  generator,  such  as  its  capacitance,  inductance  and  resistance.  Average  surface 
power  of  this  discharge,  besides  the  parameters  mentioned  above,  was  governed  by  voltage 
pulses  repetition  rate.  To  determine  hydrogen  to  carbon  atomic  ratio  (H/C),  diamond-like  to 
graphite-like  carbon  bonds  ratio  (sp^/sp^)  and  hydrocarbon  groups  percentage  (CH3:CH2:CH) 
in  the  films  we  used  an  original  precise  technique  based  on  IR  spectroscopy  analysis  [3],  Such 
properties  of  the  films  as  their  hardness,  thickness,  refractive  index,  absorption  in  visible  and  IR 
range  and  density  were  determined  by  means  of  standard  techniques  and  equipment. 


RESULTS  AND  DISCUSSION 


The  density  of  pulse  energy  delivered  in  single  spark  discharge  during  20-40  nanoseconds 
was  up  to  200  J/cm^.  It’s  worth  to  note  that  this  value  is  close  enough  to  [1,2],  where  under 
similar  conditions  this  parameter  for  single  spark  in  nitrogen  was  varied  from  50  till  500  J/cm^ 
Such  unequilibrium  conditions  (rapid  heating  and  quenching),  caused  by  high  density  of  the 
delivered  energy,  must  lead  to  occurrence  of  metastable  carbon  phases  on  substrate  [4].  It  was 
found  that  films'  properties  are  influenced  mainly  by  pulse  energy  density  and,  in  less  extent,  by 
average  surface  power  density  of  discharge.  The  dependence  of  growth  rate  on  pulse  energy 
density  (Fig.  2)  has  unmonotonous  character  with  maximum  at  about  75  J/cm^,  which 
corresponds  to  the  growth  rate  of  110  nm/h.  Most  probably,  existence  of  this  maximum  is 
connected  with  competitive  deposition  and  etching  processes,  occurring  in  the  discharge. 
Namely,  as  pulsed  volume  energy  density  reaches  approximately  70-80  J/cm^  etching  of  as- 
deposited  film  becomes  sufficient.  Sharp  increase  of  absorption  coefficient  and  decrease  of 
hydrogen  content  in  films  (Fig. 2,3),  as  well  as  increase  of  refractive  index  (Fig.3)  indicate 
preferential  etching  of  hydrogen  from  the  films. 

To  illustrate  crucial  role  of  the  pulsed  energy  density,  points  for  a-C:H  films  deposited  in 
a  barrier  discharge  from  methane  were  indicated  on  Fig.2,3.  In  this  case  pulsed  energy  density 
is  10  mJ/cm^  growth  rate  is  about  3  pirn  per  hour  and  the  films  have  polymer-like  properties; 
H/C  ratio  is  1.6,  microhardness  is  about  0.2  GPa,  refractive  index  is  1.57  and  average 
absorption  coefficient  in  a  visible  range  is  5*10^  m"’.  In  contrast,  a-C:H  films  deposited  with 
pulse  energy  density  of  75  J/cm^  and  had  the  following  main  properties  H/C=0.7-0.8, 
spVsp^=3.5,  CH3:CH2:CH  =22%;25%;53%,  microhardness  is  up  to  5-10  GPa,  refractive  index  is 
1.71-1.83  and  average  absorption  coefficient  in  visible  range  is  4*10'‘-1.8*10*  m‘\  density  is 
1.3  g/cm^.  Optically,  the  films  were  yellow-transparent  and  had  high  integral  transparency  in  die 
visible  (up  to  80%  for  5  pm-thick  film)  and  IR  ranges  (up  to  98%  for  5  pm-thick  film).  Set  of  the 
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parameters  mentioned  above  allows  characterizing  these  films  as  a-C:H  diamond-like  ones,  similar 
to  those  obtained  by  traditional  vacuum  CVD  methods  [5,6], 

As  for  voltage  pulses  repetition  rate,  it  was  found  that  for  the  range  between  500  Hz  and 
2  kHz  film’s  growth  rate  is  proportional  to  this  parameter.  When  repetition  rate  exceeded  2 
kHz  the  discharge  transformed  into  pulsed  arc  stage  and  lost  its  homogeneousity.  For 
repetition  rate  less  than  500  Hz  films  became  less  homogeneous  and,  therefore,  had  worse 
optical  properties.  In  our  opinion  it  connected  with  thermodynamic  processes  on  the  surface, 
i.e.  with  existence  of  minimum  surface  power  density  able  to  supply  thermal  surface  diffusion 
of  growth  species  (in  our  experiments  this  value  was  determined  as  1  W/cm^).  Though,  this 
hypothesis  requires  further  experimental  and  theoretical  confirmations.  Thus,  optimum 
parameters  for  a-C:H  films  deposition  process  are  pulsed  volume  energy  density  of  75  J/cm^ 
and  average  surface  power  density  of  2-3  W/cm^. 
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Fig.2  Dependences  of  growth  rate  (solid  squares) 
and  absorption  coefficient  (solid  circles)  on  pulse 
energy  density  for  a-C:H  films  deposited  from 
methane  by  pulsed  surface  (gliding)  discharge. 
Data  for  barrier  discharge  are  indicated  by  open 
square  and  circle  correspondingly. 


Fig.  3  Dependences  of  H/C  ratio  (solid  squares) 
and  refractive  index  (solid  circles)  on  pulse 
energy  density  for  a-C:H  films  deposited  from 
methane  by  pulsed  surface  (gliding)  discharge. 
Data  for  barrier  discharge  are  indicated  by  open 
square  and  circle  correspondingly. 


To  prove  a  possibility  of  technological  application  of  gliding  discharge,  the  set-up  for 
deposition  of  a-C:H  films  on  flat  dielectric  substrates  of  20X50  cm^  was  created  (fig.4).  In 
vacuum-tight  chamber  (/)  with  gas  inlet  and  outlet  were  situated  24  discharge  gaps  (2),  each 
of  them  was  consisting  of  high  voltage  and  grounded  parallel  electrodes.  All  the  electrodes 
were  mounted  at  the  distance  of  0. 1-0.5  mm  above  a  substrate  to  be  coated  (5).  The  substrate 
could  be  scanned  under  the  electrodes  by  means  of  scanning  mechanism  (4).  A  metal  plate, 
situated  under  the  substrate  was  used  as  grounded  initiating  electrode  (5).  For  the  discharge 
initiation  we  used  high-voltage  pulse  generator  with  output  power  of  750  W.  Accordingly  to 
optimum  parameters  listed  before,  it  is  necessary  to  distribute  power  of  the  generator  between 
20-30  discharge  gaps  of  5X1.5  cm^  (here  5  cm  is  length  of  high-voltage  and  grounded  parallel 
electrodes  and  1.5  cm  is  distance  between  them).  Simultaneous  initiation  of  the  discharge  in  all 
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gaps  (G1-G24)  was  provided  by  voltage  branching  throw  inductances  L1-L24  (fig.5).  Value  of 
the  capacitances  (C1-C24)  determines  energy,  delivered  in  sparks.  In  this 


1-vacuum  tightchamber;  2  discharge  gaps;  r“  r  o  l  *■  x  li  i  xl-l 

3.substrate;4  substrate  scanning  mechanism;  ’^'9-5  Schematic  of  block  of  high-voltage  pulse 

B  grounded  initiating  electrode.  generator  power  distribution  between  24  gaps.. 

construction  all  the  gaps  (G1-G24)  are  equivalent  concerning  a  breakdown  probability,  thus, 
breakdowns  occur  in  all  of  them  during  each  voltage  pulse.  Having  Ll-L24=0.1  mH  and  Cl- 
C24=100  pF  we  attain  optimum  pulsed  volume  energy  density  in  all  sparks  (75  J/cm^)  and 
optimum  average  surface  power  density  in  all  gaps  (2-3  W/cm^).  This  set-up  allows  us  to  coat 
flat  dielectric  substrates  of  20X50cm^  by  a-C:H  films  with  growth  rate  of  20  pm  per  hour.  The 
films’  properties  are  similar  to  those  described  before  (in  case  of  one  discharge  gap  and 
without  substrate  moving).  Although  sufficient  reduction  of  the  growth  rate  have  been 
observed  (because  of  sufficient  increase  of  coated  area),  this  productivity  is  acceptable  for  the 
most  of  technological  regimes.  Thus  this  set-up  allows  to  deposit  protecting  transparent  a-C:H 
films  by  means  of  gliding  discharge  under  atmospheric  pressure. 


CONCLUSION 

A  possibility  of  deposition  of  amorphous  hydrogenated  diamond-like  carbon  (a-C:H)  films 
from  methane  on  flat  dielectric  substrates  by  means  of  pulsed  surface  (gliding)  discharge  under 
atmospheric  pressure  was  investigated.  It  was  found  that  films'  properties  are  easily  influenced 
by  pulse  energy  density  and,  in  less  extent,  by  average  surface  power  density  of  discharge.  The 
specific  nature  of  this  discharge  makes  it  possible  to  deposit  protective  a-C:H  films  with  high 
transparency  on  plane  large-scale  dielectric  substrates,  including  roll  polymer  materials  (mylar, 
polyethylene). 
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Abstract 

The  results  of  sterilization  tests  made  at  the  RS-20  generator  of  Bremsstrahlung  for 
sterilizing  purpose  are  reported.  The  measurements  were  done  under  different  conditions 
in  the  area  of  10-30  kGy  dose  levels  at  1  MGy/s  peak  dose  rate  range  for  various 
microorganisms.  The  immediately  irradiated  volume  was  0.036  of  cubic  meter  with 
average  dose  rate  at  1  kGy/hour  provided  in  the  center  of  the  volume.  The 
Bremsstrahlung  was  created  by  2.0  MeV  10  kA  100  ns  pulsed  e-beam  directed  toward  the 
target  at  2  Hz.  The  tests  were  compared  with  those  made  simultaneously  at  continuos 
radionucleic  radiation  source  using  Co-60  isotope  providing  same  dose  values.  It  was 
found  that  full  sterilization  effect  at  RS-20  using  1  MGy/s  peak  dose  rate  takes  2-5  times 
lesser  dose  against  radionucleic  source  and  increases  total  efficiency  of  the  system.  Total 
dose  decrease  down  to  5-12  kGy  allows  to  reduce  radiation  loads  on  the  equipment  and 
broadens  the  area  of  sterilizing  application. 

X-RAY  STERILIZATION 

X-ray  sterilization  is  used  fOr  commercial  applications.  Some  data  illustrating  the 
use  of  x-rays  for  medical-biological  purposes  are  reported  in  the  Table  1  and  reviews 
[1,2].  X-ray  sterilizers  may  be  radionucleic  as  Co60  or  Csl37  and  accelerator  based. 
For  large-scale  industrial  applications  requiring  electron  beam  or  x-ray  treatment, 
accelerators  may  be  preferable  due  to  economical  reasons  and  radiation  safe 
exploitation  as  well.  They  do  not  require  large  amount  of  renewed  radionucleic 
material,  its  transportation,  storing  and  wastes  utilization.  X-ray  source  on  a  base  of  5 
MeV  500  kW  accelerator  will  economically  effective  from  the  viewpoint  of  direct  and 
energy  costs  than  corresponding  radionucleic  irradiator  [3]. 

TABLE  1 


Industrial  technologies  used  accelerators  containing  sterilization/decontamination 


Technology  description 

Irradiation 

i  Energy.  MeV 

Dose, 

kGy 

Beam 

Power, 

kW 

Medical  eq-t  sterilization 

e-beam,  x-rays 

1-10 

20-30 

5-20 

Foodstuffs  pasteurization 

x-rays 

0.5-3 

■■nsiiii 

5-100 

Waste  water  decontamination 

e-beam 

0.5-10 

50-500 

Grain  disinsection 

e-beam 

1 

30 

Gas  flues  decontamination 

e-beam 

0,2-1 

10-15 

100 

Effectiveness  of  accelerator  energy  utilizing  for  x-ray  production  is  substantially 
lesser  than  for  electron  beam.  Efficiency  in  electron  beam  for  most  effective 
accelerator  concepts  is  near  40%  with  5-10  MeV  and  50-70%  at  2  MeV.  But  one  can 
not  use  electron  beam  for  volume  sterilization  due  to  low  electron  beam  penetration 
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into  the  substance.  In  x-ray  radiators  electron  beam  creates  Bremsstrahlung  in  the 
heavy  targets  with  efficiency  10-15%  at  10  MeV  and  2-3%  at  3-4  MeV  [4].  Despite  that, 
a  use  of  x-ray  generated  in  accelerators  may  be  economically  effective. 

TABLE  2 


Technical  data  for  the  most  developed  world  commercial  accelerator  concepts 


Name 

Manufact. 

Acc. 

voltage, 

MV 

Beam 

power, 

kW 

i  Bea 
!  m 
i  eff., 

i  % 

i  Av.  cur¬ 
rent, 
mA 

Peak  power  i 
GW/s  (pulse  1 
duration,  ns)  i 

#of 

machi¬ 

nes 

DYNAMITRON, 

|51 

Radiation 

Dynamics, 

1  USA 

5 

200 

i  65 

65 

4 

RHODOTRON, 
. .(61 . 

j  IBA,  Belgium  i 

10 

200 

j  50 

40 

7 

RHEPP II 17] 

i  SNL,  USA  i 

2,5 

350 

I  50 

j  140 

80  (70  ns)  I 

1 

Nissin  HV 18) 

i  JAERI,  Japan  j 

5 

150 

i  - 

30 

i 

n/a 

Electron  [1] 

i  Efremov,Ru  j 

2 

100 

i  80 

10 

1 

3 

SINUS  7  191 

i  HCEI,Ru  i 

2 

300 

j  65 

i  160 

40  (40  ns)  1 

1 

ILU  HI 

NFI,  Ru 

4 

40 

i  27 

10 

I 

5 

RS-20  1101 

j  Kurchatov,  Ru  j 

2,5 

20 

i  25 

8 

100(100  ns)  i 

2 

RS-200  HU 

j  Kurchatov,  Ru  i 

5 

200 

i  50 

80 

400  (100  ns)  I 

design 

REPETITIVE  HIGH  POWER  STERILIZER  USING  POS  TECHNOLOGY 

In  1990-1997  a  new  type  of  x-ray  generators  based  on  repetitive  POS  technology  has 
been  developed  in  the  Kurchatov  Institute.  The  new  system  was  capable  of  producing 
at  the  output  both  2  MeV  electron  beam  and  intensive  Bremsstrahlung  irradiation  in  a 
Tungsten  target  from  10-20  kA  100  ns  electron  beam  [10,11]  .  The  systems  being 
developed  possess  high  peak  dose  rate  1  MGy/s  in  x-ray  mode  and  100  ns  pulse 
duration.  The  pulses  are  repeated  with  a  frequency  of  2  Hz  until  the  sterilizing  effect  is 
obtained.  The  results  were  simultaneously  compared  with  those  obtained  at  Co60 
facilities  for  same  types  and  of  biological  cultures  and  same  average  power.  The 
authors  have  also  resolved  a  row  of  technical  problems  concerning  life-time  increasing 
of  facility  up  to  10  million  shots,  high  power  flow  converter  creation  etc. 

EXPERIMENTAL  LAYOUT 

The  output  of  the  generator  consists  of  ss  flange  with  ss  0.8  mm  foil  45  cm  diameter 
order  to  provide  minimum  losses  for  the  Bremsstrahlung  radiation  coming  from  the 
Tungsten  converter.  An  effective  area  of  irradiation  was  50x50x50  cm^.  The  dose 
absorbed  in  the  center  of  the  foil  in  the  air  was  0.1  Gy/pulse  with  a  peak  dose  rate  1 
MGy/s.  Dose  drops  40%  after  50  cm  length.  For  better  uniformity  test  samples  were 
rotated.  For  a  typical  irradiating  sample  -  a  box  sized  at  40x30x30  cm^  a  non¬ 
uniformity  is  better  than  17%.  Dosimetry  measurements  were  made  using 
thermoluminescent  detectors  and  spectrophotometer  methods  as  well  basing  on  the 
effect  of  optical  density  change  of  liquids  irradiated.  For  in-situ  dose  monitoring  while 
treating  a  special  dosimeter  was  developed  together  with  calibrated  dose  rate  indicator. 

Sterilization  degree  is  usually  measured  by  a  ratio  of  revived  microorganisms  to 
their  initial  quantity.  Sterilization  is  full  if  this  ratio  is  not  greater  than  10'^,  i.e. 
<0.0001%.  According  to  the  rules  of  radiation  treatment  tests  are  held  using  specially 
selected  test  samples  reflecting  different  radiation  strength.  8  cultures  were  chosen  and 
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attested  including  both  spores  and  microorganisms.  100%  death  of  microorganisms 
was  determined  on  standard  cambric  tests  with  microbe  loading. 

For  a  comparative  estimate  of  treatment  efficiency  at  RS-20  and  Co60  facility  test 
samples  imitating  medical  equipment  for  polymer  materials  were  used.  Test  samples 
were  manufactured  from  the  polyamide,  polyethylene  of  high  and  low  pressure.  They 
were  infested  with  a  suspension  of  vegetative  and  spore  forms  of  microorganisms  with 
a  density  at  10^  per  unit.  Infested  and  dried  in  thermostat  for  moisture  absence  the 
tests  were  placed  into  the  packages  hermetically  sealed  for  a  subsequent  treatment. 
After  the  treatment  the  test  were  sown  in  aseptic  conditions  into  the  liquid  feeding 
media  and  were  termostated  under  37°  C.  Preliminary  estimate  has  been  done  after  48- 
72  hours  ,  final  -  after  14  days. 

EXPERIMENTAL  RESULTS 

Experimental  results  are  reported  in  Table  3.  They  demonstrate  that  sterilization 
effectiveness  is  2-5  times  higher  than  at  Co60  facility  [12].  The  volume  density  of  tested 
samples  was  0,2  g/cm^  with  10-35  cm  thickness.  Subsequent  experiments  used  medical 
syringes  packages,  metallic,  plactic  and  wood  materials.  RS-20  section  of  the  Table  3 
reports  the  maximum  lethal  doses  ever  been  obtained  for  RS-20  experiments  on 
sterilization. 

TABLE  3 

A  comparative  efficiency  of  test  samples  sterilization 


X-ray  irradiation  at  Co60  facility 


XqI 

Name 

Dose,  kGy 

1 

3 

i  5 

10 

15 

i  20 

25  i 

30 

1  i 

Micrococcus  radiodurans 

+ 

+ 

i  -1- 

+ 

4- 

i  -t- 

i 

_ 

2i 

Micrococcus  radiodurans  (M-1) 

+ 

+ 

i  + 

+ 

-1- 

j 

- 

- 

3! 

Micrococcus  radiodurans  (M-2) 

+ 

+ 

I  + 

-1- 

-1- 

i 

-  i 

-  ■ 

41 

St.  aureus  906 

- 

- 

j 

- 

- 

j 

1 

5i 

E.  colil257 

- 

- 

1 

- 

- 

j 

j 

. 

6i 

B.  cereus  96 

+ 

+ 

i  + 

+ 

- 

i 

j 

- 

7i 

B.  subtilis  20 

+ 

+ 

•  + 

+ 

+ 

I  _ 

8! 

Mucobacterium  Bs 

+ 

~ 

I  -1- 

- 

- 

j 

-  i 

- 

RS-20  Bremsstrahlung  radiation 

Name 

Dose,  kGy 

1 

3 

i  5 

10 

15 

i  20 

25  j 

30 

1  i 

Micrococcus  radiodurans 

+ 

+ 

+ 

- 

- 

I 

—  : 

2i 

Micrococcus  radiodurans  (M-I) 

+ 

+ 

I 

- 

- 

i 

-  i 

- 

3! 

Micrococcus  radiodurans  (M-2) 

+ 

+ 

: 

- 

i 

-  i 

- 

41 

St.  aureus  906 

- 

- 

1  - 

- 

- 

i 

I 

- 

51 

E.  coli  1257 

- 

- 

1 

- 

- 

i 

i 

- 

61 

B.  cereus  96 

+ 

- 

i 

. 

j 

-  i 

71 

B.  subtilis  20 

+ 

i 

• 

• 

_ 

. 

81 

Mucobacterium  Bs 

+ 

- 

I 

- 

- 

j 

.  j 

. 

CONCLUSION 

Considering  sterilization  results  obtained  one  can  suggest  that  killing  sterilization 
dose  for  microorganisms  is  sensitive  also  to  peak  dose  power  absorbed  by  biology 
material  and  drops  2-5  times  at  1  MGy/s.  The  authors  plan  to  continue  this  research  to 
determine  a  killing  dose  as  a  function  of  peak  dose  rate  using  electron  beam  facility  at 
GGy/s  range  for  a  case  of  surface  treatment. 
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The  measurements  were  done  for  various  substances  and  equipment  used  in  medical 
industry:  plastic,  metal  etc.  X-ray  irradiation  from  RS-20  facility  penetrates  deep  and 
allows  radiation  treatment  of  complicated  objects  from  composite  materials.  Thus,  the 
overall  productivity  of  the  system  may  be  increased  2-5  times  as  high  at  2-3  MeV  due 
to  effect  of  high  dose  rate.  This  makes  further  development  of  RS-20  type  accelerator 
to  5  MV  and  500  kW  more  optimistic  comparing  with  existing  commercial  x-ray 
systems. 


Fig.  1 .  A  general  view  of  RS-20  X-ray 
sterilizer. 
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Abstract 

Repetitive  POS  technology  recently  developed  in  the  Kurchatov  Institute  may  be 
applicable  for  various  technology  uses.  Together  with  existing  2-3  MV  10-50  kW  x-ray 
systems  a  new  facility  operating  in  electron  beam  mode  was  recently  developed  for 
radiation  sterilization  applications.  This  compact  system  possesses  0.5-1  kJ/shot  in 
electron  beam  of  0. 5-0.8  MeV  depending  on  the  initial  Marx  charging  voltage  and  may 
repetitively  perform  at  1  Hz  frequency.  Electron  beam  creates  1-10  kGy/shot  in  a  surface 
layers  of  irradiated  substances  with  dose  rate  at  5  GGy/s. 

INTRODUCTION 

Microsecond  Repetitive  Plasma  Opening  Switch  technology  allows  to  compress 
Marx  generator  electric  power  to  high  levels  and  to  obtain  repetitive  electron  beam 
pulses  and  x-ray  bursts  in  diode  load.  Both  energy  storage  and  pulse  compression 
systems  could  be  designed  relatively  compact  and  inexpensive  to  meet  requirements  of 
commercial  use.  In  early  experiments  RPOS  X-ray  generator  (RS-20)  had 
demonstrated  2-5  times  higher  sterilizing  effect  over  existing  Co60  technology.  It 
produced  X-ray  Bremsstrahlung  pulse  from  2.5  MeV  20  kA  100  ns  electron  beam  with 
a  dose  rate  of  1  MGy/s  [1-4].  The  new  machine  operating  in  electron  beam  mode  also 
contains  RPOS  technology  and  can  expand  dose  rates  to  1-10  GGy/s.  Doses  are 
absorbed  by  thin  surface  layer  (~  1  mm)  of  tested  material  irradiated  with  0.5-0.8  MeV 
10  kA  repetitive  electron  beam.  The  electron  beam  accelerator  was  developed  in  order 
to  estimate  the  effect  of  full  sterilization/pasteurization  dose  reduction  as  a  function  of 
dose  rate.  The  electron  beam  measured  dose  is  0.5  kGy  in  1  shot  in  6-10  cm  diameter 
circle  layer  placed  10  cm  behind  the  output  foil  surface. 

The  generator  may  be  applicable  in  commercial  uses  where  1-10  kJ  sub-MV 
electron  beam  is  required.  Suggested  applications  may  lay  in  radiation  chemistry 
experiments  for  liquid  and  gaseous  hazardous  substances  and  chemical  weapons 
destruction,  surface  hardening  etc. 


Table  1 .  Comparative  parameters  of  RPOS  x-ray  and  e-beam  generators 


Parameter 

1  RS-20  and  | 
i  modifications  i 

5  MV 
concept 

E-beam 

generator 

■JHI 

Year  of  creation 

i  1991-1995  I 

1997 

1997 

2  i 

Power  consumption 

kW 

60-100 

400 

30 

3  i 

Marx  voltage 

MV 

0.8  i 

1.8 

0.18 

4  i 

Repetition  rate 

Hz 

i  1-4  i 

1-5 

1 

5  i 

Energy  stored  in  1  pulse 

kJ 

16 

128 

3.2 

6  i 

Drive  current  amplitude 

kA 

70-80 

200 

120 

7  i 

Electron  beam  energy 

MeV 

i  2. 5+0. 5  i 

5.0+0.5 

0.7+0.2 

8  i 

Voltage  multiplication 

i  3 

2.5-3 

3.5-4 

-981- 


9  i 

Electron  beam  current 

kA  1 

20 

. . 

o 

o 

10 

10  i 

Beam  peak  power 

TW  I 

0.04-0.05 

0.5 

0.01 

11  ! 

Average  beam  power 

kW  j 

8-20 

i  50-300  I 

0.5-1 

GENERATOR  PARAMETERS  AND  SET-UP 

Fig.  1  illustrates  the  generator  set-up.  At  the  beginning  of  pulse  compression  air 
Marx  generator  forms  a  high-voltage  pulse  of  1 80  kV,  1 20  kA,  3  kJ  and  1  ps  going 
through  the  air  vacuum  polyethylene  interface  to  the  vacuum  coaxial  line  containing 
RPOS  unit  with  24  plasma  injectors  and  diode.  The  air  Marx  design  was  used  for 
machine  simplicity.  The  geometry  of  air- vacuum  interface  was  chosen  to  obtain  10% 
uniformity  of  electric  field  distribution  of  the  vacuum  surface  of  the  insulator.  The 
insulator  had  enough  electrical  strength  to  allow  200  kV  microsecond  voltage  pulses 
from  the  Marx  generator  and  700  kV,  100  ns  pulses  from  the  RPOS.  Electrical 
strength  of  the  vacuum  part  surface  is  near  50  kV/cm.  RPOS  opens  in  the  maximum  of 
drive  current  generating  100  ns  600-800  kV  pulse  transferring  10-20%  of  the  total 
current  to  the  diode  load.  RPOS  unit  material  study  at  previous  RPOS  systems  allows 
10'^  shots  (or  GGy  range  lifetime)  with  water  cooling  of  heated  elements.  The  system 
uses  100  kA  drive  current  and  does  not  require  additional  magnetic  field  coils  to 
provide  sharp  switching  (as  it  was  used  at  RS-20  )  and  gives  voltage  multiplication 
from  170  to  near  700  kV  -  3,5-4  times  as  high.  The  electron  beam  diode  was  placed 
download  the  RPOS  with  a  set  of  anode  grids  to  prevent  plasma  reclosure  of  the 
diode  gap.  The  lifetime  of  anode  foil  used  in  experiments  was  100-1000  shots,  using 
pirolized  carbon  layer  placed  before  the  thin  foil  [5],  and  was  over  than  1000  shots 
with  grid  sets  preventing  plasma  incidence  on  the  carbon  protection  layer  and  Ti  foil 
(Fig.  2). 

RPOS  DESIGN  AND  PERFORMANCE 

24  plasma  guns  are  operated  in  parallel  and  used  feeding  from  10  kV  6.4  pF 
capacitor  each  gap.  Plasma  injectors  create  not  only  plasma  but  gas  fractions  utilized 
for  the  main  discharge  in  RPOS  during  a  conduction  phase.  Thus,  RPOS  performance 
was  not  much  sensitive  to  the  vacuum  conditions  up  to  lO  '^  torr.  RPOS  operation 
frequency  was  limited  with  1  Hz  due  to  low  power  supply,  electron  beam  injection 
window  life-time  and  capacitors  exploitation  conditions,  but  was  tested  at  10  Hz 
separately  from  the  machine. 

Typical  wavewforms  of  electric  signal  characterizing  RPOS  performance  are  given 
at  Fig  3.  Accuracy  of  RPOS  power  transmission  into  the  load  is  near  20%  in  current 
amplitude  and  20  ns  in  diode  current  beginning.  RPOS  parameters  were  chosen  on  a 
base  of  emphirical  conditions  we  have  used  in  early  POS/RPOS  design.  We  consider 
RPOS  to  be  working  in  "erosion"  regime  with  a  self  magnetic  filed  insulation  of  the 
switch  gap  at  a  final  stage.  A  detailed  regime  of  RPOS  operation  is  determined  by  a 
combination  of  voltage,  current,  conduction  time,  geometry  and  load  impedance. 

ELECTRON  BEAM  PARAMETERS 

Electron  beam  is  injected  into  the  air  through  the  output  window.  It  consists  of 
pirolized  carbon  layer  with  thin  (10-30  pm)  Titanium  film.  The  diode  design  includes  a 
pirolized  graphite  cathode,  sets  of  anode  rods  for  plasma  catching  and  8-15  cm  output 
window  diameter  with  a  foil.  Diode  current  was  10  kA  with  100-300  A/cm^  current 
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density.  Pulse  duration  was  100-150  ns.  Pulses  were  repeated  with  1  Hz  frequency. 
Electron  beam  energy  was  estimated  as  300-500  keV  using  electron  beam  sensitive  film 
changing  optical  density  covered  with  a  sets  of  aluminum  foil  masks  with  different 
effective  thickness  from  50  to  250  pm  with  a  step  of  50  pm  (Fig.  1-a).  Axial  uniformity 
of  electron  beam  was  measured  using  film  changing  their  optical  properties  under  the 
beam  irradiation.  Total  current  switched  to  the  diode  was  measured  using  coaxial 
ohmic  current  monitor  in  the  outer  surface  of  the  vacuum  coaxial  line. 

This  electron  accelerator  is  proposed  for  medical  sterilization  experiments  with  high 
dose  rates  and  could  be  considered  as  inexpensive  "desktop"  example  of  RPOS 
technology  for  electron  surface  treatment.  Further  development  of  this  concept  lays  in 
increasing  of  repetition  rate  to  10  Hz  making  sufficient  average  beam  power  and 
improvement  of  low  energy  ions  protection  for  increase  of  output  film  life. 
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Fig.  1 .  Electron  beam 
facility  photograph  (up) 
together  with  schematic 
layout  (down). 


1  2  3  4  S  6 

Fig.  1-a.  Sensitive  film 
changing  optical  density 
after  irradiating  with 
500  keV  electron  beam. 
The  film  was  protected 
with  Al  foil  ((6-i)*50) 
pm,  where  i=l-;-5  (see 
above).  6  is  non¬ 
protected  layer  of  the 


Vacuum  Coaxial 


Fig.2.  Time-integrated 
photograph  of  electron  beam 
injected  in  the  open  air 
through  Ti  50  pm  foil.  (1)  - 
200  kV  beam,  (2)  -  700  kV 
beam.  Pulse  duration  100-150 
ns.  Output  diameter  -  8  cm. 


*RPOS 


Fig.  3.  Typical  signals 
from  voltage  current 
monitors  Urpos 
voltage  at  RPOS  during 
the  swithcing,  lo  -  total 
drive  current  of  the 
generator,  loiode 
electrone  diode  diode 
current. 


Electron  diode  current 
shapes  taken  from  5 
consequental  shots 
measured  by  ohmic 
shunt  illustrate  RPOS 
performance  accuracy. 
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ABSTRACT 

In  a  current  collaboration  between  the  Institute  of  Electrophysics  (lEP)  and  the  Los  Alamos 
National  Laboratory  (LANL),  the  lEP  is  developing  an  industrial  scalable,  high-power,  large- 
area  ion  source  for  the  surface  modification  of  materials. 

The  principle  set-up  of  the  ion  beam  source  as  well  as  some  electrical  characteristics  (gas 
discharge  current  and  the  extracted  ion  beam  current)  are  presented  for  a  Lab-scale  prototype. 
The  first  results  of  some  surface  modification  experiments  are  given,  which  have  been 
performed  with  the  Lab-scale  prototype  at  LANL. 

The  plasma  source  of  the  ion  beam  source  can  be  described  as  a  pulsed  glow  discharge  with  a 
cold,  hollow-cathode  in  a  weak  magnetic  field.  Extraction  and  focusing  of  positive  ions  by  an 
acceleration  and  an  ion-optical  plate  system  renders  the  generation  of  a  homogeneous,  large- 
area  ion  beam  with  an  averaged  total  ion  current  of  up  to  50  mA  at  acceleration  voltages  of 
up  to  50  kV.  By  using  a  cold-cathode  also  reactive  gases  can  be  used  in  the  discharge. 
Measurements  of  the  ion  current  densities  as  function  of  the  radial  position  within  the  beam 
are  presented  for  various  discharge  parameters  result  in  a  fairly  homogeneous  ion  beam  over 
a  large-area  cross  section  of  ca.  100  cm^.  Results  on  surface  modification  by  ion  implantation 
of  nitrogen  into  aluminum  and  chromium  are  presented.  Finally,  a  comparison  of  the 
calculated  ion  dose  (from  measurements  of  the  ion  current  density)  with  the  retained  ion 
doses  (determined  by  RBS  of  the  implanted  samples)  is  given. 


INTRODUCTION 

By  increasing  the  dimensions  of  hollow-cathode  discharge  arrangements  (>  10  cm)  and  the 
use  of  a  weak  magnetic  field  (ca.  1  mT),  hollow-cathode  glow  discharges  can  be  operated  in  a 
high-current  discharge  mode  (1  to  10  A)  at  low  gas  pressures  (<  0.1  mTorr).  Under  these 
conditions,  the  voltage  applied  across  the  discharge  gap  is  concentrated  in  the  cathodic  layer 
of  a  space  charge,  the  cathode  cavity  being  filled  by  the  discharge  plasma  having  the  anodic 
potential.  The  resultant  high  spatial  uniformity  of  the  plasma  density  makes  it  possible  to  use 
this  type  of  the  glow  discharge  for  the  generation  of  broad  gas  ion  beams. 

This  type  of  ion  source  has  a  simple  design  and  is  reliable  in  service.  The  cold  cathode 
discharge  ensures  a  long-term  operation  of  the  ion  source  under  elevated  gas  pressures,  even 
in  reactive  gas  media.  These  features  and  the  ability  to  generate  high-current  ion  beams  make 
this  source  ideal  for  industrial  applications.  To  increase  the  discharge  stability,  to  widen  the 
range  of  the  average  beam  current  and  to  improve  the  broad  beam  uniformity,  a  pulsed- 
repetitive  mode  of  the  discharge  operation  and  the  beam  generation  is  used. 
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EXPERIMENTAL  SETUP 


The  experimental  set-up  is  shown  schematically  in 


anode 

hollow  cathode 
plasma  density  profile 
magnetic  coil  (0  -  2  mT) 

screening  plate  (cathode) 
acceleration  plate  (10-50  kV) 

bias  plate  (-2  kV) 
outlet  plate  (grounded) 

beam  density  profile 
vacuum  chamber  (stainless) 
Faraday  cup 
stage 


Figure  1.  The  gas  discharge  system 
consists  of  a  hollow-cathode  (150- 
mm  diameter,  150-mm  length)  and  a 
rod  anode  (3 -mm  diameter,  100-mm 
length).  A  DC  magnetic  coil  is 
positioned  axially  around  the 
grounded  vacuum  chamber  of  the 
source,  producing  a  magnetic  field  on 
axis  up  to  0  -  2.4  mT. 

Figure  1  Schematic  drawing  of  the  ion  beam 
source  and  the  Faraday  cup  used.  For  all 
experiments,  the  acceleration  gap  length 
(distance  from  acceleration  plate  to  bias 
plate)  was  12.5  mm. 


In  Figure  1  the  radial  plasma  density  throughout  the  discharge  gap  is  indicated  for  different 
values  of  the  magnetic  field.  To  render  the  extraction  of  ions  from  the  discharge  plasma,  the 
end  plate  of  the  hollow-cathode  contains  160  holes  (8  mm  in  diameter),  uniformly  placed 
over  a  100-mm  diameter.  A  broad  ion  beam  is  formed  by  a  three-electrode  electrostatic 
optics.  The  first  screen  electrode  is  at  the  cathode  end,  to  which  a  high  accelerating  potential 
with  respect  to  the  grounded  outlet  plate  of  the  ion  optics  is  applied.  A  negative  bias  voltage 
of  about  -  2  kV  is  applied  to  the  second  electrode  of  the  ion  optics  to  repel  secondary 
electrons  from  the  beam  plasma.  The  distance  between  the  positive  and  negative  high- 
voltage  electrode  plate  is  12.5  mm,  which  is  the  acceleration  gap  length.  The  radial  beam 
profile  is  indicated  in  Figure  1  for  different  plasma  density  profiles  of  the  glow  discharge  and 
conditions  of  the  beam  formation. 

The  ion  source  is  mounted  on  a  vacuum  chamber  which  is  evacuated  by  a  turbomolecular 
pump  (pumping  rate  of  800  1/min).  Processing  gases  (N2,  O2,  Ar,  C2H2)  are  regulated  using 
flow  controllers,  and  are  fed  into  the  cathode  cavity.  Gas  flows  of  20  -  40  seem  at  a  gas 
pressure  of  (4  -  7)  x  10"'’  Torr  in  the  vacuum  chamber  can  be  realized. 

The  gas  discharge  is  operated  in  a  pulsed-repetitive  mode  with  a  mean  pulsed  discharge 
current  of  up  to  5  A,  pulse  durations  of  500  ps  and  pulse  repetition  rates  in  the  range  of  50  to 
200  Hz.  The  average  beam  current  is  regulated  within  10-50  mA.  The  D.C.  accelerating 
voltage  is  operated  between  10-50  kV. 

A  movable  Faraday  cup  was  used  to  measure  the  beam  current  density  and  its  radial  profile. 
It  consists  of  a  biased  tube  (diameter  of  1 0  mm  and  length  of  40  mm)  with  a  bottom  plate  and 
is  enclosed  in  a  ceramic  shield.  A  bias  voltage  of  —  40  V  was  determined  as  best  compromise 
for  electron/ion  attraction,  enabling  to  estimate  the  ion  beam  current  density.  A  grounded 
diaphragm  is  placed  on  the  top  of  the  ceramics  shielding,  enabling  charge  eollection  through 
the  0.5-cm^  wide  opening.  In  all  experiments  the  cup  was  placed  at  a  distance  of  34^  cm 
beyond  the  grounded  outlet  plate  of  the  ion  optics.  Square  plate  specimen  (10  X  10  mm  ,  1- 
mm  thickness)  of  A1  and  Cr  were  placed  on  the  stage  were  implanted  with  a  nitrogen  beam. 
The  implanted  specimen  were  then  removed  from  the  vacuum  chamber  and  analyzed  with 
Rutherford  Backscattering  Spectrometry  (RBS)  to  determine  the  implant  dose  and  depth 
profile. 
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RESULTS  AND  DISCUSSION 


The  radial  profiles  of  the  ion  current  density  for  a  25 -kV  nitrogen  beam  and  for  true 
different  values  of  the  magnetic  field  strength  are  given  in  Figure  2.  The  shape  of  the  beam 
profile  depends  on  three  factors:  first,  the  radial  distribution  of  the  plasma  density  in  the  glow 
discharge  near  the  first  electrode  of  the  ion  optics  (which  is  itself  a  fimction  of  the  magnetic 
field);  second,  on  the  divergence  of  the  ion  rays  formed  in  each  aperture  of  the  ion  optics 
(which  is  a  function  of  the  discharge  current,  the  accelerating  voltage  and  the  length  of  the 
accelerating  gap);  and  third,  on  the  distance  between  the  ion  optics  and  the  stage.  To  avoid 
any  local  non-uniformity  of  the  ion  beam  density  (due  to  the  structure  of  the  multi-aperture 
ion  optics)  it  is  necessary  to  ensure  some  overlap  of  single  ion  rays,  which  can 


be  realized  at  a  definite  value  of  angle  divergence  of 
each  ray.  However,  the  angular  divergence  has  to 
be  limited  because  at  large  beam  divergence  angles 
and  large  values  of  beam  propagation  lengths,  the 
beam  profile  transforms  into  strongly  non-uniform 
(Gaussian)  radial  beam  profiles.  The  uniform  beam 
area  at  the  beam  collector  plane  will  always  be 
smaller  than  the  area  of  the  opening  of  the  ion  optics 
(which  has  a  diameter  of  10  cm). 

Figure  2  Ion  current  density  as  function  of  the  radial 
position  within  the  beam  at  various  magnetic  field  strengths 
(100  Hz,  25  kV,  -40  V  bias). 


In  Figure  2  it  can  be  seen  that  uniform  (90  %  of  peak  value)  average  ion  beam  current  density 
of  300  |xA  cm'^  can  be  obtained  over  a  diameter  of  ca.  9  cm  at  1  mT.  An  increase  of  the 
magnetic  field  above  2  mT  leads  to  a  non-uniform  beam  current  density  profile  which  may 
be  due  to  the  simultaneous  decrease  of  the  discharge  and  beam  current,  leading 
to  the  increase  of  the  beam  divergence  angle.  Similar  results  were  obtained  for  a  constant 
magnetic  field  of  1  mT,  where  the  optimal  acceleration  voltage  is  found  at  25  kV.  (These 
values  are  optimal  for  the  acceleration  gap  length  of  12.5  mm,  which  was  held  constant  at  all 
experiments.  By  changing  the  acceleration  distance,  uniform  ion  beams  at  different 
acceleration  voltages  can  be  adjusted.)  Consequently,  all  further  experiments  for  this  study 
were  performed  at  the  optimal  conditions  of  25  kV  acceleration  voltage  at  1  mT. 

The  radial  profiles  of  the  ion  dose  (assuming  an  ion 
dose  composing  of  50  %  and  50  %  N2^  [1])  and 
the  retained  dose  in  Cr  and  A1  (quantified  by  RBS), 
generated  with  a  constant  dose  rate  of  ca.  1  x  10  N 
cm'^  min''  are  shown  in  Figure  3.  Here,  the  samples 
were  irradiated  with  an  ion  beam  at  optimal  condition 
to  beam  uniformity  (acceleration  gap  length  12.5 
mm,  25  kV,  1  mT)  with  an  irradiation  time  of  30 
minutes. 

Figure  3  Applied  ion  doses  and  measured  retained  doses  in 

Al  andCr  as  function  of  the  radial  position  within  the  beam 
(100  Hz,  25  kV,  18  mA,  1  mT). 


-987- 


It  can  be  seen  that  the  radial  profile  of  the  retained  N  doses  corresponds  to  the  radial  profile  of 
the  applied  ion  dose,  and  that  the  retained  doses  are  always  substantially  smaller  than  the 
applied  doses.  This  is  due  to  the  fact  that  the  sputter  limit  of  the  materials  is  reached  at  ‘low’ 
doses  (1.7  X  lO'’  cm’^  for  Cr  [2]  and  3  X  10‘^  cm'^  for  A1  [2]).  The  presence  of  carbon  is 
associated  to  contamination  of  the  vacuum  with  hydrocarbons  from  the  pump.  The  retained  C 
dose  within  a  few  %  of  the  N  dose  is  a  result  in  balance  of  deposition,  sputtering  and  recoil 
implantation  of  C-containing  species. 

The  effect  of  quickly  reaching  the  sputter  limit  can  also  be  seen  in  Figure  4  for  a  constant  N 
dose  rate  of  ca.  1.7  x  lO'^  cm'^  min’*.  Now  it  can  be  seen  that  the  retained  doses  are  1  -  10 
times  smaller  than  the  applied  ion  doses,  indicated  by  different  treatment  regimes.  In  phase  I 
(0-3  min.)  nitrogen  accumulates  nearly  linearly  with  time  and  reaches  an  equilibrium  state  in 

phase  II  (3  -  8  min.).  Here,  ion  sputtering  equals 
the  incoming  ion  dose  (sputter  limit  of  the 
materials).  Because  the  retained  doses  do  not 
reach  and  stay  at  the  sputter  limit  in  phase  III,  it 
can  be  concluded  that  here  diffusion  is  strongly 
promoted.  Increase  of  the  temperature  of  the 
irradiated  samples  leads  to  an  increase  of  the 
retained  doses  and  penetration  depths  (ca.  200 
nm  from  RBS  spectra)  with  irradiation  time, 
which  would  not  be  achievable  by  implantation 
of  nitrogen  at  25  keV  at  low  sample  temperatures 
(penetration  length  ca.  50  nm  [3]). 

Figure  6  Applied  ion  doses  and  measured  retained 
doses  in  A I  and  Cr  as  function  of  the  irradiation  time  (100 
Hz.  25  kV,  18  mA,  1  mT.  -40  V). 


The  beam  current  density  of  a  high-current-density  ion  beam  source  is  optimized  in 
uniformity  at  25  kV  accelerating  voltage  and  a  magnetic  field  of  1  mT  (at  an  acceleration  gap 
length  of  12.5  mm).  Typical  results  of  retained  doses  of  N  in  A1  and  Cr  are  presented, 
confirming  beam  uniformity  and  showing  (by  RBS  measurements)  deep  penetration  into  the 
material  (range  ca.  200  nm),  due  to  diffusion.  It  is  shown  that  the  sputter  limit  is  reached  in 
very  short  times  (2-5  minutes),  enabling  high-throughput  surface  processing. 
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Abstract;  The  manufacture  of  semiconductor  devices  is  one  of  the  beneficiaries  of  electron  accelerators. 
One  method  of  controlling  the  device  turnoff  time  is  the  irradiation  of  the  device  body.  The  paper  relates  to 
irradiation  of  chips,  wafers  and  fast  diodes  to  improve  their  electrical  characteristics.  The  electron  linear 
accelerator  ALIN-7  was  used  to  irradiate  at  room  temperature  and  high  temperature  silicon  diodes 
manufactured  by  Baneasa  S.A.  The  influence  of  7  Mev  electron  irradiation  upon  the  main  electrical 
characteristics  has  been  examined  for  different  absorbed  doses  and  different  irradiation  temperatures.  The 
dependence  of  the  minority  carrier  lifetime,  reverse  recovery  time  and  forward  voltage  on  the  radiation  dose 
and  the  percentage  distribution  of  the  reverse  recovery  time  for  the  irradiated  diodes  are  presented.  Some 
experimental  facts  related  to  electron  irradiated  or  gold  doped  silicon  pn  junctions  are  presented.  After 
junctions'  irradiation,  the  reverse  recovery  time  decreases  more  than  order  of  magnitude  but  the  reverse  current 
increase  is  not  more  than  twice  near  room  temperature. 


1.  INTRODUCTION 

Some  applications  of  semiconductor  diodes  require  that  they  switch  from  a  conductive  to 
a  nonconductive  state  more  rapidly.  The  reverse  recovery  time  (the  time  required  for  the 
current  to  reach  the  usually  value  in  reverse  bias  after  instantaneous  switching  from  a  specified 
forward  current  condition  to  a  specified  reverse  bias  condition)  of  a  high  speed  switching  diode 
is  determined  primarily  by  the  recombination  rate  and  consequently  by  the  minority  carriers 
lifetime  in  the  junction  region. 

To  reduce  the  reverse  recovery  time  of  a  diode  several  methods  are  usually  used:  gold  or 
platinum  can  be  diffused  into  the  device  body,  or  the  device  body  can  be  irradiated.  Electron 
irrradiation  is  preferably  used  as  a  suitable  radiation  source  because  of  availability  and 
inexpensiveness.  Most  preferably,  the  irradiation  is  of  an  energy  level  of  about  1.5  to  12MeV 
[1].  Functionally,  these  two  methods  are  similar  since  both  create  recombination  centres  that 
stimulate  carrier  recombination,  thus  depleting  the  semiconductor  device  of  mobile  minority 
carriers  more  rapidly.  However,  these  methods  also  affect  other  device  characteristics.  For 
example,  the  diffusion  generally  increases  the  leakage  current  through  the  pn  junction  of  the 
device  and  is  costly.  Irradiation  typically  increases  the  semiconductor  device’s  forward  voltage 
drop.  In  order  to  reduce  that  increase,  after  irradiation  follows  an  annealing  step  of  the  devices. 
It  is  preferred  that  the  anneal  be  conducted  at  a  temperature  between  250‘’C  and  350®C  for  a 
time  between  3  and  120  hours  [1].  There  will  be  some  increase  of  the  recovery  time  due  to  the 
anneal,  but  not  up  to  its  original  high  value.  The  irradiate-anneal  cycle  may  be  carried  out  more 
than  once.  A  problem  that  occurs  when  practicing  the  irradiate  and  anneal  sequence  is  that  an 
excessive  amount  of  energy  and  time,  and  thus  money,  are  consumed  in  the  device 
manufacture. 

It  has  been  found  that  for  a  given  reverse  recovery  time,  a  device  irradiated  at  an 
elevated  temperature  shows  a  lower  forward  voltage  drop  than  would  be  obtained  if  the  device 
was  irradiated  at  room  temperature[2-4].  So,  elevated  temperature  irradiation  provides  results 
equivalent  to  room  temperature  irradiation  and  a  long  elevated  temperature  anneal  in  a  time 
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less  than  that  required  for  room  temperature  irradiation  alone.  The  elevated  temperature 
irradiation  provides  results  equivalent  to  room  temperature  irradiation  and  a  long  elevated 
temperature  anneal  in  a  time  equal  to  or  less  than  that  required  for  room  temperature 
irradiation  alone. 

The  energy  levels  introduced  by  the  electron  irradiation  cause  an  increase  in  the 
recombination  rate,  and  the  irradiation  effects  on  the  silicon  semiconductor  device  can  be  given 
by  a  simple  equation  [1,2]: 

1/t=1/to  +  KD  (1) 

where  t  and  To  are  the  post-  and  pre-irradiation  minority  carrier  lifetimes,  K  is  an  irradiation 
efficiency  factor,  and  D  is  the  radiation  dose. 


2.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

ALIN-7,  a  7  MeV  electron  linear  accelerator  from  the  National  Institute  for  Lasers, 
Plasma  and  Radiation  Physics,  was  used  to  irradiate  chips,  wafers  and  complete  packaged 
diodes  from  the  standard  production  of  Baneasa  S. A. -factory  2300,  to  obtain  fast  devices. 
ALIN-7  has  the  following  parameters:  energy  7  MeV,  average  beam  current  7p,A,  pulse  width 
2.5  ps,  pulse  repetition  rate  150  Hz,  electron  radiation  dose  4- 10^  Gy/min  at  1  m.  Figure  1 
shows  the  irradiation  efficiency  factor  K  versus  irradiation  temperature  for  ALIN-7. 


Fig.1  The  irradiation  efficiency  factor  K  versus  irradiation  temperature  for  ALIN-7 

Table  1  presents  the  main  electrical  characteristics  (L-  continuous  forward  current,  Vrrm 
-  repetitive  peak  reverse  voltage,  Vf  -  forward  voltage,  t„  -  reverse  recovery  time,  Ir  -  reverse 
current  at  Ta  -ambient  temperature)  of  these  diodes  in  accordance  with  the  data  sheets. 

Table  1 .  The  main  electrical  characteristics  of  the  investigated  devices 


diode 

Vrrm 

Vf 

trr 

iR(liA) 

Ir{pA) 

type 

(V) 

(V) 

(ns) 

Ta=25°C 

Ta=100°C 

6DRR 

6 

500 

1.25 

<600 

15 

1000 

BAX157 

0.4 

400 

0.97 

<400 

5 

100 

The  diodes  were  obtained  by  cutting  2  inches  diameter  and  220  pm  thickness  wafers. 
The  sizes  of  obtained  chips  are  2.5  x  2.5  mm^  for  6DRR1  and  1.25  x  1.25  mm^  for  BAX157. 
The  starting  material  was  «-type  silicon  by  resistivity  25  -  30  flcm.  The  irradiations  were  made 
at  different  temperatures  (25”  C,  175”C,  250”C).  The  influence  of  7  MeV  electron  irradiation 
upon  the  main  electrical  characteristics  (minority  carrier's  lifetime,  reverse  recoveiy  time, 
forward  voltage)  has  been  examined  for  different  absorbed  doses.  The  percentage  distribution 
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and  the  variance  of  the  reverse  recovery  time  has  been  calculated.  The  measurements  were 
performed  before  irradiation  and  after  irradiation.  Figure  2  presents  the  reverse  recovery  time 
dependence  on  the  irradiation  temperature  and  dose  for  the  diodes  type  BAX157  Each  data 
point  is  an  average  of  a  large  number  (300)  of  rectifiers  fabricated  using  identical  processing.. 


Figure  2. 

The  dependence  of  t„  on  the  irradiation  dose  and  irradiation  temperature 

for  diodes  BAX1 57 


t„  (nS) 


25-, 


Figure  3 

The  pre-  and  post-irradiation  reverse  recovery  time  distribution  for  6DRR1  chips 


Figure  3  shows  the  pre-  and  post-irradiation  reverse  recovery  time  distribution  for 
6DRR  chips.  For  these  chips  the  irradiation  was  done  at  250*^  C  temperature  at  a  dose  of  25 
kGy.  This  dose  was  calculated  with  the  relationship  (1).  Figure  4  shows  the  pre-  and  post¬ 
irradiation  reverse  current  for  6DRR  chips.  Table  2  presents  the  results. 
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Figure  4.  The  pre-  and  post-irradiation  reverse  current  for  6DRR1  chips 
Table  2.  The  main  electrical  characteristics  of  the  irradiated  diodes  (mean  values) 


diode 

type 

t,r 

tn-  variance 

Lat  Ta  ^lOO^C 
Vr  =400  V 

Ir  varianc 
e 

Vf  (V) 

before 

irrad. 

(ms) 

before 

irrad. 

(ms) 

after 

irrad. 

(mA) 

before 

irrad. 

(mA) 

after 

irrad. 

(mA) 

before 

irrad. 

after 

irrad. 

6DRR 

65.1 

136.16 

14.47 

17.73 

23.59 

59.49 

7.61 

14.9 

0.98 

1.113 

BAX  157 

53.4 

115.39 

10.21 

12.57 

2.17 

4.81 

6.51 

13.05 

0.82 

0.97 

Large  area  silicon  n^pp'  mesa  passivated  rectifier  structures  (it)  =  9.5  mm)  with  a 
breakdown  voltage  in  the  range  of  140-2000  V  were  irradiated  too.  Before  irradiation  a 
reverse  recovery  time,  W,  more  than  30  ps  has  been  measured  for  structures  having  a 
breakdown  voltage  greater  than  1000  V.  After  the  room  temperature  irradiation  with  a  dose  of 
10  kGy,  values  less  than  2-2.5  ps  have  been  found  for  t^  and  a  slight  increase  of  reverse 
leakage  current  (no  more  than  two  times  )  has  been  observed.  No  change  in  the  breakdown 
voltage  value  has  occured  excepting  a  softer  knee  of  the  current-voltage  characteristic. Ir  has 
increased  with  more  than  one  order  of  magnitude  at  higher  instantaneous  Tj  values  (200- 
300*'C).  After  at  least  5-8  hours  annealing  time  at  T  =  300-320*’C  of  an  irradiated  structure,  an 
increase  of  t„  up  to  a  half  of  the  preirradiation  value  occurs.  This  is  accompanied  by  a 
significant  reduction  of  Ir  which  near  room  temperature  may  reach  values  less  than  the 
preirradiation  ones. 


3.  CONCLUSION 

The  electron  irradiation  of  the  silicon  diodes  is  an  attractive  alternative  technology  for  the 
lifetime  control.  This  technology  has  the  advantage  of  being  a  clean,  simple  process  with 
greater  control  and  uniformity  than  is  achieved  by  gold  or  platinum  diffusion. 
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We  investigate  thermo-elastic  processes  in  metal  materials  exposed  to  high  intensity 
ions  and  electrons.  The  dynamics  of  the  stress  and  heat-transport  has  been  obtained  nu¬ 
merically.  We  have  observed  that  the  temporary  evolution  of  the  stress  leads  to  formation 
of  a  localized  structure.  This  may,  in  turn,  explain  the  structural-phase  changes  of  the 
surface  treated,  which  are  observed  from  the  experiments. 

1.  INTRODUCTION 

As  is  known  [T3],  one  of  the  effective  methods  of  materials  synthesis  for  modern 
technologies  is  the  electron  and  ion  surface  treatment  in  a  pulse  explosion  regime.  Energy 
deposition  in  a  thin  surface  layer  by  the  high-power  electron  and  ion  beams  may  lead 
to  a  completely  new  structure  on  the  surface,  which  may  possess  practically  interesting 
physical  and  chemical  properties  [2,4,5].  Another  important  aspect  of  electron  and  ion 
irradiation  of  materials  is  transformation  of  such  material  parameters,  which  present  great 
interest  in  metallurgy.  For  example,  ion  and  electron  irradiation  of  metalls  may  change 
the  metalls  hardening,  fatigue,  corrosion  resistance  and  essentially  increase  their  strength 
[2,6-8]. 

The  electron  and  ion  beam  surface  treatment  may  results  in  such  dynamical  processes 
as  thermo-elastic  strengths  or  shock  waves  [T4].  The  science  of  thermo-elastic  phenomena, 
in  spite  of  its  large  olds  (see,  for  example,  [9-11]),  is,  nevertheless,  rather  a  little  known 
area.  Especially,  one  can  easily  observe  this  if  we  consider  the  problems  of  the  electron  and 
ion  surface  modification  [2].  One  of  the  causes  here  is  by  the  our  veiws  a  weak  dependency 
among  the  deformation  and  temperature  fields  [10,12].  However,  the  interaction  of  high- 
power  electron  and  ion  beams  with  metalls  or  alloys  is  enabling  one  to  produce  the  thermo¬ 
elastic  strengths  in  all  irradiated  medium  [2,8],  not  on  microlevel  only.  Shock  waves  or 
thermo-elastic  effects,  which  are  generated  in  the  materials  treated,  may,  consequently, 
become  the  essential  factors  to  be  taked  into  account  in  the  analysis  of  new  nontrivial 
structures  on  the  surface.  The  aim  of  the  present  work  is  to  study  the  thermo-elastic 
processes,  which  arise  in  the  sample  of  metallic  films  exposed  to  high-power  pulsed  ion 
irradiation. 


2.  THE  MODEL 


Analysis  of  thermo-elastic  processes  is  carried  out  on  the  basis  of  the  following  system 
of  equations,  which  gives  us  a  nonlinear  coupling  of  the  deformation  and  temperature 
fields  [9]: 


PoTT^  —  +  (A  +  p)graddivu  —  gogradT, 

otJ 


cpo 


dT 

dt 
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XqV^T  -  r/oT -^divu  4-  Q. 
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Here  u  is  the  shift  (deformation)  vector;  T  is  the  temperature;  A  and  p,  are  the  Lame 
constants;  Tjo  =  {2fi  +  dA)^^;  c  is  the  specific  heat  of  the  material;  po  is  the  mass  density; 
Ao  is  the  thermal  conductivity;  or  is  the  coefficient  of  the  thermal  linear  extension;  Q  is 
the  source  term  including  beam  deposition  from  the  pulse  in  the  unit  volume  and  unit 
time. 

In  the  present  work  we  restrict  ourselves  by  the  investigation  of  thermo-elastic,  effects, 
which  arise  in  the  ion  bombardment  of  metallic  samples,  in  one  dimension  only.  This  ap¬ 
proach  is  rather  not  motivated  by  any  computational  or  mathematical  difficulties,  though 
the  system  under  consideration  is  essentially  nonlinear  and  its  analysis  demands  a  seri¬ 
ous  attention.  Simulation  of  heat  transfer  processes  by  one-dimensional  heat  equations 
shows  the  applicability  of  the  approach  to  described  adequately  heat  dynamics  in  metal¬ 
lic  materials  exposed  to  the  high-power  pulsed  ions  (see,  for  example,  [1,2,13,14]).  The 
analysis  of  propagation  of  temperature  feilds  [1,14]  gives  a  good  agreement  between  the 
one-dimensional  model  and  the  experimental  one.  Thus,  to  study  thermo-elastic  effects 
in  metallic  samples  of  a  thickness  of  /o,  we  have  the  following  system  of  equations: 
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T{x,f,);  q  =  q{xj.)  is  the  source  function; 
2  -  (V  =  K,o  =  /5  = 

PqIq  (^0  ’  ^  CoPoly  ■  CQPO 


In  the  eqs.(3)  -  (6)  cr  =  <7^(3;,/);  T 
and  Ko,  «,  /^,  go  are  constant  quantities  (u 

qq  =  All  quantities  in  the  formulas  of  (3)  -  (6)  are  reduced,  for  the  convenience 

of  analysis,  to  dimensionless  forms.  The  temperature  of  the  sample  (metallic  films)  is 
normed  on  the  initial  (normal)  ones,  T  =  (To  =  293  K),  as  regards  the  amplitude 
of  strengths  for  we  use.  the  well-known  experimental  data  or  the  published 

data  of  numerical  calculations  (ctq  =  2.2  •  10*’  Pa)  [2,13]. 

The  system  of  eqs.(3)  -  (6)  is  expressed  in  terms  of  strengths,  where  we  use  the 
following  connection  between  the  strengths  deformation  u  and  temperature  T  of  the 
sample: 

=  EariT  -  To). 

ax 

The  function  of  qix,t)  that  describes  thermal  sources,  is  defined  by  the  following 
expressions: 


q{x,t) 


Eoj(t) 

ze.Ro 


Co  Co  To  ' 


at  f  <  1,  T  <  To, 


and 


q{x,t)  =  0,  at  f  >  1,  ;r  >  ro, 

where  a:  =  ^,  i  ro  =  source  action  time;  Eo,  j{t)  =  const  =  ^2^,  ze,  Rq 

are  initial  energy,  current  density,  charge  and  mean  ion  free  pass,  respectively. 
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3.  RESULTS 


We  have  numerically  calculated  the  thermo-elastic  strengths  in  the  sample  of  iron  in 
the  nanosecond  pulsed  irradiation  by  carbon  ions.  The  results  of  numerical  solutions  of 
eqs.(3)-(6)  are  presented  in  Fig.l.  The  spatial  and  temporary  profiles  in  Fig.l  show  us  the 
dynamics  of  thermo-elastic  strengths  up  to  the  moment  of  <  =  ^  >  1.  It  is  worth  to  note 
that  the  moment  of  i  =  r,  during  of  which  the  target  is  irradiated,  separates  a  threshold 
of  the  ”structural”-deformational  changes  of  the  material.  Under  the  influence  of  pulsed 
beams  at  i  <  t  in  the  iron  sample  the  waves  of  small  amplitude  elastic  strengths  are 
generated.  The  strengths  profile  of  cr{x,  t),  which  is  formed  after  the  source  is  switched  off, 
is  a  single  pulse  of  the  shock  waves  type.  Here  we  observe  generations  of  large  amplitude 
elastic  strengths  in  the  sample.  The  amplitude  of  these  waves  is  directly  proportional  to 
intensity  of  irradiation  and  it  increases  with  the  increasing  of  energy  Eq  and  density  of 
ion  current  of  j.  As  regards  to  the  velocity  of  strengths  pulses,  it  is  does  not  depend  on  j. 

The  existing  solutions  [9-12],  obtained  in  the  framework  of  thermo-elasticity  theory 
(on  a  basis  of  the  model  we  are  considered),  show  a  weak  coupling  of  the  temperature 
and  the  strengths  fields.  A  dynamical  effect  here  is  the  generation  of  elastic  strengths  in 
a  solid  body  by  fast  heating  [10,12].  The  numerical  results  presented  in  Fig.l,  show  that 
the  large  amplitude  strengths  form  in  a  regime  of  ’’fast  cooling”  (i.e.,  after  the  switching 
off  the  beams  sources  at  t  >  r).  From  Fig.l  we  can  also  see  that  a  maximum  of  strengths 
pulses  is  directly  proportional  to  the  product  of  qo  -  Ro,  viz.,  the  product  of  the  amplitude 
of  thermal  sources  q{x,t)  and  /Iq— depth  of  a  beams  penetrations.  The  forms  of  elastic 
strengths  depend  more  strongly  on  the  form  of  the  source.  However,  one  has  to  expect 
that  by  simulating  of  the  forms  of  thermal  sources  in  a  practically  interesting  manner, 
one  may  obtain  suitable  forms  of  the  strengths. 
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Implantation  of  any  artificial  prosthetics  to  an  organism  causes  a  foreign  body  reaetion. 
Intensity  of  reaction  depends  on  nature  of  the  implanted  material.  Determination  of  foreign 
prosthetics  material  and  initiation  of  reaction  takes  place  on  molecular  level  during  interaction 
of  body  cells  with  prosthetics  surface.  In  addition,  a  polymer  surface  layer  is  able  to  be 
destroyed  under  the  organism  medium  action.  On  the  other  side,  the  usage  of  a  carbon  material 
as  endoprosthetics  induces  the  low  reaction  intensity  of  an  organism  [1].  So,  the  carbon 
coating  of  polymer  endoprosthetics  surface  is  preferred  for  decreasing  of  negative  reaction  of 
an  organism. 

Formation  of  carbon  coating  is  possible  by  methods  of  vacuum  deposition.  But  in  this 
case  the  adhesion  problem  of  carbon  coating  and  polymer  substrate  appears.  Similar  problem 
appears  in  the  case  of  chemical  methods  for  carbon  coating  formation.  More  simple  method  for 
carbon  coating  on  polymer  substrate  can  be  realized  with  the  ion  beam  treatment.  As  it  is  well 
known,  the  ion  beam  treatment  of  polyethylene,  polypropylene,  polyimide  and  other  polymers 
leads  to  carbon  layer  formation  on  polymer  surface  due  to  destruction  processes  in  polymer 
surface  layer  under  the  action  of  the  ion  beam  [2].  Therefore,  this  carbon  layer  has  a  good  joint 
with  polymer  substrate. 

In  this  paper,  the  influence  of  white  rats  organism  medium  on  polymer  endoprosthetics 
treated  by  ion  beam  is  discussed.  Medical  polyurethane  based  on  polyether,  diisocyanate  and 
diamin  as  films  with  400  p  thick  have  been  studied.  Ion  beam  treatment  was  performed  on  the 
pulse  ion  source  "Pulsar"  (Institute  of  Electrophysics).  The  source  generated  the  nitrogen  ion 
beam  with  square  of  100  cm^,  pulse  current  density  of  5  niA/cm^,  pulse  duration  was  0.3  mS, 
frequency  repetition  was  1  Hz.  Ion  energy  was  20  keV.  Vacuum  was  created  by  oil  vacuum 
pumps,  the  initial  vacuum  being  3- 10"^  Pa  and  vacuum  under  operating  regime  of  the  source 
being  510'^  Pa.  Polyurethane  films  were  treated  with  dose  from  10’“^  to  10*^  ions/cm^. 

The  polyurethane  films  were  implanted  to  white  rats  for  a  6  month  period.  The  treated 
films  aged  in  rat  organisms  and  nearest  to  prosthetic  tissues  were  studied  by  different  spectral 
and  histological  methods.  IR  ATR  spectra  were  recorded  by  using  an  UR-20  and  Specord  M- 
82  spectrometers  (Carl  Zeiss  Jena,  Germany)  with  ATR  accessory  on  KRS-5  crystal 
(trapezium,  45“  incident  angle,  25  reflection  number).  Microphotographs  of  polyurethane 
surface  were  made  with  using  of  microscope  MBS- 10  (LOMO,  Russia)  with  Zenit  accessory. 

The  action  of  living  organism  tissue  on  polyurethane  is  the  attack  of  organism  active 
ferments  to  polyurethane  prosthetic  surface  [3].  In  the  condition  of  active  medium  the 
hydrolysis  of  polyurethane  leading  to  destruction  of  macromolecules  and  formation  of  low- 
weight  products  exists.  At  this  case,  durability  of  polyurethane  film  decreases  and  prosthetic 
loses  its  functional  ability.  Besides  that,  some  products  of  reaction  liberated  into  organism 
medium  can  have  cancerogenic  activity  to  organism  [4].  Medical  polyurethane  has  decreased 
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ability  to  hydrolysis.  But  hydrolysis  of  surface  layer  of  this  polyurethane  exists  with  low  speed 
of  process  [5], 

Changes  of  polyurethane 
stnicture  at  hydrolysis  in  organism 
medium  arc  observed  in  IR  ATR 
spectra  of  polyurethane  film  surface  as 
decreasing  of  spectral  line  intensity 
attributed  to  piece  of  macromolecules 
dcstructed  in  hydrolysis  reaction.  For 
the  studied  polyurethane,  this  piece  of 
macromolecule  is  urethane  fragment  as 
the  reminder  of  a  toluenediisocyanate 
molecule.  Hydrolysis  reaction  leads  to 
formation  of  the  second  amine  group 
and  hydroxyl  group  with  liberation  of 
toluenedi amine  to  organism  medium. 
Decreasing  of  toluenediisocyanate 
reminder  concentration  were  analyzed 
by  1375,  1415,  1490  and  1608  cm"' 
lines  intensity  (Fig.l).  Besides  that, 
reaction  of  formation  of  guanidine 
group  is  observed  by  disappearing  of 
carboxylic  line  in  IR  ATR  spectra  and 
appearing  of  intensive  v(C=N)  line  at 
1665  cm'. 

The  ion  beam  treatment  leads  to 
carbon  coating  formation  on 
polyurethane  film  surface.  In  differential  IR  ATR  spectra  the  wide  complex  band  of  C— C 
groups  vibrations  in  diffei  ent  positions  and  of  C  O  groups  vibration  appears  (Fig.2).  Similar 
changes  of  spectra  were  observed  for  polyethylene  after  the  ion  beam  treatment  [6].  Taking 
into  consideration  great  difference  between  extinction  coefficients  of  v(C^=C)  and  v(C=0)  lines 
in  IR  spectra,  one  can  conclude  that  carbon  layer  is  formed  mainly  consisting  of  a  wide  number 
of  not  saturated  C=C  bonds  in  different  conjugations.  The  silvery  shade  of  polyurethane 
surface  which  can  be  observed  after  the  ion  beam  treatment  characteristic  of  graphite  covering, 

confirms  it. 

Our  observation  of 
polyurethane  surface  with  the 
help  of  microscope  shows,  that 
after  the  ion  beam  treatment 
polyurethane  surface  becomes 
covered  by  cracks  (Fig.3).  Cracks 
formation  is  explained  by 
significant  difference  of  stiffness 
of  carbon  covering  and  initial 
polyurethane.  The  carbon  layer 
has  thickness  near  the  projected 
range  of  ion,  which  is  about  757 
A  in  our  experiments,  so  weak 
deformation  of  polyurethane  film 


Fig.2.  IR  ATR  spectra  of  (a)  initial  polyurethane,  (b) 
after  ion  beam  treatment  and  (c)  their  differential  spectra. 


Fig.  1 .  IR  ATR  spectra  of  initial  polyurethane  (a) 
and  after  action  of  organism  (b)  with  increasing 
dose  of  ion  bean  treatment  from  5  lO'”*  to  7  lO'* 
ion/cm^. 
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leads  to  breaking  of  carbon  covering  and  crack  formation.  Depth  of  cracks  increases  with  the 
increase  of  a  treatment  dose. 


f  "F5 


ir’S'4'  1  //L ,/its  />'»(!> 


The  organism  action  on 
polyurethane  samples  after  the  ion  beam 
treatment  changes  IR  ATR  spectra  too.  But 
intensity  of  these  changes  is  weaker  and 
depends  on  a  treatment  dose  (Fig.l).  The 
weakest  spectral  changes  in  comparison 
with  the  spectra  of  initial  polyurethane  are 
observed  for  samples  with  the  lowest  ion 
beam  treatment  dose.  In  the  other  words, 
low  doses  of  ion  beam  treatment  leading  to 
thin  carbon  covering  formation  are  more 
effective  for  the  delay  of  hydrolysis 
processes,  fhe  analysis  of  stability  of  1490 
cm  *  line  intensity  in  spectra  of  treated 
polyurethane  showed  that  the  hydrolysis 
processes  at  5  !()*'*  ions/cm^  treatment  dose 


are  delayed  4  times  as  compared  with 
untreated  samples  of  polyurethane. 

With  the  ftiither  increase  of  ion  beam 
treated  dose,  the  formation  of  thick  carbon 
covering  leads  to  formation  of  deeper  cracks 
on  polyurethane  surface  and  hydrolysis  of 
polyurethane  under  the  action  of  organism 
medium  takes  place  at  these  cracks.  This  is 
well  observed  by  microphotographs  of 
polyurethane  surface  after  ion  beam  treatment 
at  high  dose  and  action  of  organism  (Fig.  3). 

So,  at  low  doses  the  ion  beam 
treatment  of  polyurethane  leads  to  carbon 
covering  fonnation  and  can  be  the  method  for 
protection  of  polyurethane  in  organism 
medium. 


Fig.  3.  Microphotographs  of  polyurethane 
surface;  after  5  10*'*  ion/cm^,  ^er  7  lO'^ 
ion/cra^,  after  7  10*^  ion/cm^  and  organism 
action 
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Abstract 

On  the  basis  of  the  URT-0.2  repetitive  nanosecond  electron  accelerator  (accelerating 
voltage  up  to  200  kV,  FWHM  pulse  duration  tpuise  =  34  ns,  pulse  repetition  rate  up  to 
f  =  200  pps,  beam  cross-sectional  area  220  x  30  mm^,  pulsed  current  density  0.3 
A/cm^),  we  have  developed  a  technology  and  a  setup  for  radiochemical  sterilization  of 
bone  meal  (proteic  feed  additive  with  a  bulk  density  of  about  1  g/cm^)  while  it  is 
produced,  With  the  accelerator  operating  at  the  highest  pulse  repetition  rate,  the 
output  of  the  line  ranges  up  to  ~  225  kg/h.  The  estimated  cost  of  sterilization  amounts 
to  ~  $0,034  per  kilogram. 


Introduction 

In  the  production  of  bone  meal  from  waste  at  the  meat  factory,  the  possibility 
always  exists  of  the  meal  being  biologically  contaminated  with  pathogenic 
microorganisms,  most  frequently  salmonella  group  microbes.  And  since  this  bone 
meal  is  used  as  a  protein  feed  additive  in  industrial  poultry  farming,  the  likelihood 
arises  that  poultry  may  be  infected  through  it.  This  may  give  rise  both  an  an  epidemic 
among  animals  and  to  poisoning  of  people,  consumers  of  poultry  meat  or  eggs. 
Continuous  microbiological  monitoring  is  therefore  effected  in  the  production  of  bone 
meal.  Contaminated  lots  that  are  detected  undergo  further  sterilization,  entailing 
substantial  energy  losses  and  appreciable  economic  losses. 

The  purpose  of  the  present  work  was  to  explore  the  possibility  of  sterilizing  bone 
meal  while  it  is  produced  and  to  develop  a  flow  process  chart  for  such  sterilization. 

Complete  exposure  to  radiation  of  a  bone  meal  layer  about  5  mm  thick  (with  a  bulk 
density  of  about  1.2  g/cm^)  calls  for  using  electrons  with  an  energy  upwards  of  1 
MeV.  This  is  unacceptable  because  the  cost  of  such  a  radiation  source  and  organizing 
the  radiation  protection  of  personnel  against  the  source  is  so  high  that  it  will  make 
irradiation  commercially  inexpedient. 

We  therefore  explored  the  possibility  of  employing  the  radiochemical  sterilization 
technology  [1].  The  idea  of  radiochemical  sterilization  boils  down  to  what  follows. 
To  sterilize  tightly  packed  products,  we  use  both  the  radiation  of  the  electron  beam 
itself  and  the  radiation  that  arises  within  the  packet  when  the  sterilizing  toxic  chemical 
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substance  is  irradiated.  The  simplest  and  cheapest  way  is  to  use  the  ozone  that  forms 
when  the  oxygen  of  the  air  is  irradiated. 

Although  most  efficient  for  surface  sterilization,  this  technology  may  well  be 
applied  because  the  site  most  likely  to  be  contaminated  with  microorganisms  is  the 
porous  surface  of  the  bone  meal,  where  the  electrons  and  the  ozone  can  penetrate. 
The  geometry  of  “hermetically  sealed  items”,  the  gist  of  which  boils  down  to 
increasing  the  time  of  contact  with  the  ozone,  may  be  implemented  in  a  different  way. 


Experimental 

In  the  experiments  performed,  we  made  use  of  a  URT-0.2  nanosecond  repetitive 
electron  accelerator  [2]  with  an  accelerating  voltage  of  200  kV,  with  an  FWHM  pulse 
duration  of  34  ns,  with  a  pulse  repetition  rate  of  250  pps,  and  with  an  electron  beam 
cross-sectional  area  of  220  x  30  mm^  for  a  pulsed  current  density  of  0.3  A/cm^. 

The  irradiation  geometry  is  given  in  Fig.  1.  Bone  meal  (1)  was  delivered  by  a 
conveyer  (7)  at  a  rate  of  1  cm/s.  The  thickness  of  the  bone  meal  layer  was  restricted 
to  5  mm  by  means  of  a  reflector  (2).  The  electron  beam  (3)  coming  from  the 
accelerator  (4)  was  directed  from  above.  To  increase  the  bone  meal  -  ozone  contact 
time  and  to  protect  the  personnel  from  the  ozone  and  the  braking  radiation,  a  casing 
(5)  was  used  in  which  a  small  rarefaction  was  maintained  by  means  of  ventilation  (6). 


Fig.  1 .  The  irradiation  geometry. 


The  test  samples  consisted  of  bone  meal  discarded  on  account  of  microbiological 
indexes.  Before  and  after  irradiation,  the  samples  (a  batch  weighed  around  1  kg)  were 
inspected  by  the  Bacteriological  Laboratory  of  the  JSC  “Ekaterinburg  Meat  Factory”. 
In  the  course  of  experiments,  the  operating  frequency  of  the  accelerator  was  varied. 
Experimental  results  are  presented  in  Table  1. 
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Table  1.  Experimental  results. 


Run 

Batch 

No. 

Pulse  repetition 
rate  of  accelerator, 

m _ 

Detected  in  samples 
prior  to  irradiation 

Detected  in  samples 
subsequent  to  irradiation 

803 

S.  derby 

S.  derby 

1 

644 

50 

S.  derby 

Not  found 

759 

100 

Not  found 

2 

814 

25 

S.  mission 

S.  mission 

716 

50 

S.  mission 

Not  found 

797 

100 

S.  derby 

Not  found 

Conclusions 

It  is  found  that  the  URT-0.2  nanosecond  repetitive  electron  accelerator  may  provide 
a  basis  for  developing  a  process  flow  route  for  the  radiochemical  sterilization  of  bone 
meal  as  it  is  produced. 

With  the  accelerator  operating  at  a  maximal  pulse  repetition  rate,  the  line  will 
produce  225  kg  per  hour,  with  the  estimated  cost  amounting  to  0.2  ruble/kg 
($0.034/kg).  This  is  economically  expedient  since  bone  meal  costs  about  2.5  ruble/kg 
($0.42/kg),  while  the  thermal  sterilization  being  replaced  costs  0.65  ruble/kg 
($0.1 1/kg). 
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Introduction 

To  realize  the  excellent  mechanical  properties  of  carbon  fibres  in  composite  materials,  it 
is  necessary  to  have  a  good  adhesion  between  fibre  and  matrix.  A  good  adhesion  depends  on 
following  properties:  morphology  a  chemical  composition  of  near  surface  layer  of  fibre. 
Surface  treatment  is  in  common  for  changes  of  physico-chemical  properties  of  surface  carbon 
fibres.  But  this  properties  can  be  changed  although  by  application  of  particle  beams. 

The  aim  of  the  present  work  is  to  study  changes  of  surface  and  volume  physico-chemical 
properties  of  carbon  fibres  after  ion  irradiation.  Ion  irradiation  of  a  foreign  species  can  lead  to 
the  production  of  new  compounds  in  near-surface  layer  of  carbon  fibre,  but  the  displacement 
damage  caused  by  energetic  ions  also  lead  to  structural  transitions  of  surface  layer. 

Experimental 

For  ion  irradiation  and  bT -ions  was  selected  because  C^-ions  are  not  interacted,  but 
N^-ions  are  interacted  with  carbon  fibres;  it's  possible  chemical  reaction  between  atoms  of 
carbon  fibres  and  N^-ions.  In  addition  mass  of  and  hT -ions  are  closely  spaced  and  after 
interaction  of  carbon  fibre  these  ions  are  formed  damage  structure  in  carbon  fibre  single  type. 

and  ion  beams  with  ion  energies  30  keV  are  used  for  the  treatment  of  carbon 
fibres.  Ion  source  was  used  to  generate  broad  (~150  cm  )  ion  beam  with  5  mA/cm  current 
density.  Pulse-periodic  mode  of  treatment  was  used  with  pulse  duration  of  1  ms  and  pulse 
repetiton  rates  50  s‘'.  The  ion  beam  are  perpendicular  of  axis  of  fibre.  The  specimen's 
temperature  during  ion  irradiation  changes  from  40-50®C  at  doses  (lO'^'-lO'^  cm'^)  up  to  700- 
900®C  at  high  doses  (lO'*  -lO'®  cm'^). 
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doo2> 


Fig.  1.  Evolution  of  the  interplaner  distance  doo2 
of  carbon  fibre  after  and  -ion  irradiation  as  a 
function  of  the  fluence 


Am 


Fig.2.  Ratio  of  width  X-ray  diffraction  patterns 
from  planes  004  and  002,  A(004/002),  of  carbon 
fibre  after  and  N^-ion  irradiation  as  a  function  of 


Scanning  electron  microscopy 
(SEM)  was  used  to  investigate  the 
sample  surfaces  after  ion 

irradiation. 

The  structure  of  ion 
irradiation  fibre  was  studied  by  X- 
ray  diffraction  (CuKa)  from  10°  to 
150°  without  any  rotation  of  the 
specimen. 

Fibres  were  tested  for 

ultimate  strength  and  static  Yong's 
modulus,  before  and  after  ion 
irradiation,  using  an  Instron 

machine. 

Surface  wetting  of  fibres  by 
organic  liquid  (epoxy  resin)  has 
been  studied  too,  because  a  value 
of  contact  angle  depends  on  the 
structure  of  fiber's  surface. 

Results 


fluence 
La,  HM 


Fig.  3.  Evolution  of  apparent  sizes  of 
crystallites  along  the  axis  "a"  La  of  carbon  fibre  as  a 
function  of  fluence 


X-ray  diffraction  results 
showed:  in  the  fluence  range  10*^- 
lO'^  cm'^  interplaner  distance  doo2 
is  decreased  and  minimum  doo2 
being  observed  at  a  fluence  of 
lO'^cm'^  (for  and  hf-ion 
irradiation);  in  the  fluence  range 
10*’-10'°  cm'^  doo2  is  increased 
(fig.l).  Internal  stress  of  carbon 
fibre,  characterized  by  A(004/002), 
ratio  of  width  X-ray  diffraction 
patterns  from  planes  004  and  002, 
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d-N^,  lO’^cm-'  e->r,  lO'^cm-' 

Fig.  4.  Surface  of  carbon  fibres  before  (a)  and  after  (b-e)  ion  irradiation 
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after  N^-ion  irradiation  (10*^-5  lO'^  cm'^)  is  decreased  half  again  than  that  of  the  nonirradiated 
fibre. 

Internal  stress  is  minimum  at  a  fluence  5  lO'^  N^/cm^  (fig.  2).  Internal  stress  of  carbon 
fibre  after  C^-ion  irradiation  (lO'^-lO'^  cm'^)  is  essentially  independent  of  ion  fluence  (fig.  2). 
La-parameter  of  carbon  fibre  -  evolution  of  apparent  size  of  the  crystallites  along  the  axis  "a" 
-  is  increased  by  15-20%  with  changing  fluence  of  and  Nf  from  lO'^  to  lO'^cm'^  (fig.  3). 

Special  interest  is  surface  topography  of  carbon  fibre  after  ion  irradiation.  SEM 
observation  showed  the  smooth  surface  of  unirradiated  carbon  fibres  (fig.  4a).  The  irradiated 
near  surface  layers  of  carbon  fibres  are  consist  of  alternating  lengthwise  (fig.  4b)  and 
transverse  (fig.  4c)  riders  and  valleies  after  hT -ion  irradiation  (fig.  4d)  fibre  can  be  conceived 
of  as  disk  pack  (fig.  4e).  But  after  C^-ion  irradiation  the  surface  fibre  is  consist  of  ridges  and 
valleies  which  are  set  out  in  parallel  of  axis  fibre.  It  is  likely  th^  this  structure  of  near  surface 
leam  of  carbon  fibre  after  C*  and  particulary  hT -ion  irradiation  is  formed  as  the  result  of 
and  sputtering  of  surface  fibre  and  chemical  reaction  between  and  surface's  atoms  of 
carbon  fibre. 

After  ion  irradiation  Ob  and  wetting  angle  of  surface  fibre  ©  are  changed  too.  In  the 
fluence  range  lO'^-lO*^  CVcm'^  minimum  Ob  being  observed  at  a  fluence  of  5  10*^  cm'^; 
however  ©  is  maximum  (43®  in  this  fluence  range)  at  lO'^  cm'^.  After  IST-ion  irradiation 
(lO'^-lO*®  cm'^)  Gb  is  increased  and  it's  maximum  at  lO'^  cm‘^;  ©  is  not  essentially  changed 
with  ion  fluence. 


Conclusion 

It  has  been  stated,  that  and  bT-ion  irradiation  is  modification  of  surface  carbon  fibre. 
The  parameter  structure  of  carbon  fibre  (doo2  and  La)  is  changed  too.  Now  we  have  not  a  clear 
knowledge  of  changing  mechanism  of  surface's  and  bulk  structure  of  carbon  fibre  and  this 
properties  will  be  investigation  at  a  later  time. 
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ABSTRACT 

The  pulsed  electron  beam  treatment  method  was  applied  to  the  surface  of  LPPS- 
MCrAlY  coatings  to  improve  the  oxide  scale  behavior.  Such  protective  coatings  are  used  in 
advanced  stationary  and  aero  gas  turbines  to  increase  the  corrosion  resistance  of  air  foils  at 
high  temperature 

The  electron  beam  generated  by  the  GESA  facility  has  a  diameter  of  about  10  cm  and  suffi¬ 
cient  power  density  to  melt  a  surface  layer  of  about  20  pm  of  this  area  by  just  one  electron 
beam  pulse.  Cooling  rates  are  around  10^  K/s  and  result  in  a  nanometer  grained  single  phase 
structure  of  the  surface  layer,  that  solidifies  directionally.  The  high  roughness  of  the  as 
sprayed  surface  is  reduced  by  the  GESA  process  from  Ra  =  5  pm  to  1 .5  pm. 

The  oxidation  behavior  of  treated  coatings  at  950  °C  in  air  was  examined.  During  oxidation  a 
single  phase  a-alumina  scale  developed  on  the  treated  surface  with  a  considerably  lower 
gro\vth  rate  as  compared  to  the  untreated  coatings.  Therefore,  it  is  expected  that  electron  beam 
treatment  improves  the  oxidation  resistance  of  MCrAlY  coatings  and  their  suitability  as  a 
bond  coat  for  EBPVD  thermal  barrier  coatings. 


INTRODUCTION 

In  advanced  stationary  and  aero  gas  tur¬ 
bines,  inlet  temperatures  have  been  dramati¬ 
cally  increased  in  the  past  decade.  Therefore 
the  main  corrosion  mechanism  limiting  the 
blade  life  time  is  due  to  oxidation.  Structure 
and  adherence  of  the  thermally  grown  oxide 
(TGO)  scale  on  MCrAlY  coatings  are  the  key 
issues  for  their  oxidation  resistance  and 
bonding  properties  for  electron  beam  depos¬ 
ited  thermal  barrier  coatings  (EBPVD-TBC). 
The  TGO  should  consist  of  dense  a-alumina 
to  act  as  an  effective  barrier  against  migrating 
oxygen  and  to  avoid  stresses  that  could  be 
initiated  by  development  of  transient  alumina 
phases  or  chromium  oxide  and  spinels  [1,2] 


with  different  physical  properties. 

Low  diffusivity  of  oxygen  will  lead  to  slow 
oxide  scale  growth.  This  is  desirable  because 
the  scale  failure  due  to  cracking  and  spalla¬ 
tion  depends  strongly  on  oxide  thickness  [3, 
4].  Experiments  with  FeCrAl-based  ODS  al¬ 
loys  indicated  that  an  increased  scale  growth 
rate  leads  to  an  earlier  onset  of  the  enhanced 
oxidation  and  scale  cracking  [5]. 

The  surface  treatment  was  conducted  with 
the  pulsed  electron  beam  facility  GESA  [6,7] 
developed  for  the  surface  treatment  of  mate¬ 
rials  and  the  optimization  of  large  area  elec¬ 
tron  beam  properties  e.g.  the  homogeneity. 
Quick  melting  and  rapid  solidification  due  to 
heat  conduction  into  the  bulk  produces  nano¬ 
crystalline  structures  within  the  treated  sur- 
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face  area.  The  nanocrystalline  structure 
should  lead  to  modified  oxide  nucleation  and 
growth  especially  at  the  beginning  of  the 
oxidation  process  before  substantial  grain 
growth  in  the  restructured  alloy  occurs. 


EXPERIMENTAL 

The  specimens,  consisting  of  Inconel 
738  rods  and  plates,  were  coated  by  low 
pressure  plasma  sprayed  (LPPS)  commercial 
MCrAlY,  with  Co-32Ni-21Cr-8Al-0,5Y  in 
wt.%  by  Plasmatechnik  AG,  Switzerland. 
The  coating  thickness  was  200  pm,  which  is 
one  order  of  magnitude  larger  than  the  elec¬ 
tron  penetration  depth  applied  in  the  experi¬ 
ments. 

Oxidation  of  coated  specimens  was  con¬ 
ducted  in  a  tube  fiimace  at  a  constant  tem¬ 
perature  of  950  °C  in  air.  Samples  of  electron 
beam  treated  and  just  polished  specimens 
were  analyzed  after  100,  200,  400,  600,  800 
and  1400  hours  heat  treatment. 


RESULTS  AND  DISCUSSION 


After  the  large  area  pulsed  electron 
beam  treatment,  the  irradiated  surface  of  the 
MCrAlY  coating  has  a  rapidly  solidified  sur¬ 
face  layer  of  about  20  pm  depth.  Fig.  1  is  the 
micrograph  of  the  cross  section  of  an  irradi¬ 
ated  specimen  which  shows  the  surface  layer, 
in  which  no  grains  are  visible  (top)  and  the 
unaffected  MCrAlY  structure  with  an  aver¬ 
age  grain  size  of  about  2  -  10  pm  (below). 
The  modified  layer  was  resistant  to  etching, 
while  the  multi-phase  structure  shows  strong 
interaction  of  the  etching  agent  with  the  P- 
and  y-phases.  Furthermore,  the  surface 
roughness  caused  by  the  LPPS  process  is  re¬ 
duced  significantly  from  =  5  pm  to  = 
1.5  pm.  To  compare  the  oxide  scale  growth 
kinetics  on  polished  coatings  with  and  with¬ 
out  pulsed  electron  beam  treatment,  a  sta¬ 
tionary  oxidation  at  950  °C  in  air  was  carried 
out. 


Fig.  1:  Metallographic  cross-section  of  MCrAlY 
treated  by  a  single  40  gs  electron  pulse 


The  XRD  analysis  (Fig.  2b)  of  the  treated 
samples  shows  a  directionally  solidified  Y(2o6)- 
phase  that  remains  stable  during  the  oxide 
scale  growth. 
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Fig.  2:  XRD  after  isothermal  oxidation  at  950  °C  in 
air,  comparison  of  polished  (a)  and  treated  (b)  samples 
The  polished,  not  treated  sample  (Fig.  2a) 
exhibits  the  expected  ratio  between  the  y  and 
the  P'peaks  of  the  original  two  phase  alloy 
structure. 

Already  after  200  h  the  x-rays  do  not  pene¬ 
trate  the  P-depletion  zone  and  no  diffraction 
peaks  of  the  P-phase  are  detected.  A  quick 
growing  alumina-layer  forms  from  which 
only  a-Al203  x-ray  patterns  reach  a  notice¬ 
able  intensity.  The  development  of  the  a- 
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AI2O3  peaks  hints  at  a  much  slower  growth 
rate  of  the  oxide  scale  of  the  treated  specimen 
(Fig.  2b)  in  comparison  to  the  oxide  on  the 
specimen  that  was  not  treated  (Fig.  2a).  Inte¬ 
gration  of  all  the  a-AljOj-peak  counts  shows 
the  remarkable  difference  between  treated 
and  untreated  specimens  in  (Fig.  3). 


time  [h] 

Fig.  3:  XRD  counts  as  a  measure  of  the  a-alumina 
scale  growth  as  a  function  of  exposure  to  air  at  950'’C 


The  samples  treated  by  the  pulsed  electron 
beam  obviously  form  an  oxide  layer  with 
better  oxygen  barrier  properties  and  thus 
slower  oxide  scale  growth.  This  is  illustrated 
in  Fig.  4  that  shows  a  much  smaller  oxide 
scale  thickness  and  p-depleted  zone  width  in 
case  of  the  electron  beam  treated  than  the  one 
in  the  untreated  specimen  coating  after  1400 
h  at  950  °C  in  air. 

The  oxide  surface  of  the  coating,  which  was 
polished,  shows  after  1400  h  oxidation  a  very 
different  morphology  compared  to  the  elec¬ 
tron  beam  treated  coating.  Blade  structures 
typical  for  ©-AljOj  appear  on  the  polished 
surface  although  the  XRD  indicates  only  an 
a-alumina  crystal  structure  (Fig.  5a,  b). 

The  oxide  scale  of  the  treated  surface,(Fig. 

5c,  d)  appears  to  be  composed  of  typical  a- 


Fig.  4:  Comparison  of  oxide  thickness  and  P-depletion 
beam  treated  sample  (b) 


alumina  crystals.  It  seems  to  be  obvious  that 
the  oxide  scale  on  that  surface  forms  a  much 
better  oxidation  barrier.  Moreover,  the  blade 
like  structure  on  the  untreated  surface  tends 
to  spallation,  the  onset  of  which  can  be  seen 
in  Fig.  5a.  After  1400  h  extended  spallation 
areas  were  observed  that  did  not  appear  on 
the  treated  surface. 

The  blades  are  supposed  to  grow  by  grain 
boundary  diffusion  to  the  surface  in  the  pol¬ 
ished  non  treated  coating,  in  which  the  grains 
are  in  the  2  -  10  pm  size  range,  and  by  out¬ 
ward  diffusion  of  aluminum  [1,8]. 

Similar  structures  were  observed  in  experi¬ 
ments  with  FeCrAI  based  ODS-[3]  and  with 
Ni-Cr-Al-Ti-Si-alloys  [9]  at  900  °C  that  did 
not  appear  at  1 100  °C.  The  scale  morphology 
at  900  °C  was  explained  by  possible  ©-AI2O3 
formation  that  ean  occur  at  the  lower  tem¬ 
peratures.  Since  we  could  avoid  the  blade 
like  structure  by  restructuring  of  the  surface 
layer  to  very  fine  grains,  one  could  assume 
that  grain  boundary  diffusion  within  the 
coating  alloy,  that  is  dominant  at  lower  tem¬ 
peratures  contributes  to  the  blade  forma¬ 
tion. Grains  are  not  visible  in  the  solidified 
melt  region  after  electron  beam  treatment 
(Fig.  1).  Nevertheless,  a  small  broad  (3-peak 
appears  in  Fig.  2b  that  may  indicate  the  onset 
of  (3 -precipitation  with  very  small  grains. 
These  conditions  do  not  favor  blade  like 
structures.  It  can  be  expected  that  the  oxide 
scale  that  grows  on  an  electron  beam  treated, 
instead  of  a  polished,  surface  makes  up  a 
better  basis  for  EBPVD-TBC’s  for  three  rea¬ 
sons:  lower  oxide  growth  rate,  better  surface 
morphology  and  less  tendency  for  scale 
spallation. 


after  1400h  oxidation  of  a  polished  (a)  and  an  electron 
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Fig.  5:  Surface  morphology  afer  200h  oxidation  at  950  °C  in  air  of  polished  (a,  b) 
and  electron  beam  treated  (c,  d)  samples 


CONCLUSIONS 

Restructuring  of  the  surface  layer  of 
an  MCrAlY  coating  by  the  pulsed  electron 
beam  resulted  in  positive  effects  on  the 
oxide  scale  growth  during  exposure  to  air 
at  950  °C.  These  effects  include  a  smaller 
scale  growth  rate  and  formation  of  regular 
a-alumina  grains  as  opposed  to  the  higher 
growth  rate,  and  blade  like  grains  on  the 
surface  not  treated  by  the  electron  beam. 

It  is  expected  that  the  electron  beam  treat¬ 
ment  provides  much  better  conditions  for 
formation  of  oxide  scales  as  an  oxygen  dif¬ 
fusion  barrier  and  as  a  basis  for  deposition 
of  EBPVD-TBC’s.  Experiments  with 
TBC’s  on  electron  beam  treated  coatings 
are  presently  being  carried  out. 
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Abstract 

Fundamental  research  on  removal  of  NOx  from  the  mixture  gas  by  irradiation  using  the 
pulse  intense  electron  beam,  which  have  energy  of  s  160  keV,  beam  current  of  140  A, 
current  density  of  2  A/cm\  pulse  width  of  700  ns  and  electron  beam  power  of  12.6+0.4 
J/pulse  at  standard  conditions,  was  performed.  When  NO(=200  ppm)/N2  was  processed,  NO 
was  decomposed  to  N2  and  O2  with  the  efficiency  for  the  beam  power  of  220-300  nmol/J. 
Oxidization  of  NO  to  NO2  was  accelerated  by  the  beam  irradiation  in  the  gas  mixture  of 
NO(=160ppm)/O2  (20  %)/N2(80%).  By  introducing  equal  amount  of  NH3  or  CH,  to  NO  into 
this  gas  mixture,  NOx  decreased  at  8*  shot  of  beam  irradiation  when  NO  was  completely 
converted  to  NO2  .  NOx  removal  from  NO(=200  ppm)/N2  gas  in  various  gas  cell  and 
N0(=2000  ppm)/N2gas  were  investigated.  The  removal  ratio  in  single  shot  was  largest(30%) 
at  the  high  current  electron  beam  transported  and  compressed  by  external  magnetic  field  but 
the  removal  efficiency  was  largest(650-860  nmol/J)  at  large  volume  gas  cell  without 
magnetic  field.  The  efficiency  increased  to  1100  nmol/J  for  high  NO  concentration  gas 
treatment. 

1.  Introduction 

The  gas  discharge  process  and  the  continuous  current  electron  beam  dry  scrubbing  process 
have  been  developing  to  be  an  alternative  of  existent  wet  pollutant  control  technologies.*^  On 
the  other  hand,  the  intense  pulse  electron  beam  generated  by  the  pulse  power  technology  is 
expected  to  be  an  another  excellent  method  for  pollutant  removal  because  of  its  lower 
accelerator  cost  and  effective  chemical  reaction  compared  with  the  gas  discharge  or  the 
continuous  current  electron  beam  system.  At  present,  detailed  investigations  on  the 
possibility  of  pollutant  decomposition  by  the  pulse  intense  electron  beam  processing  should 
be  required.  In  this  paper,  several  basic  results  of  removal  of  NOx  by  the  pulse  high  current 
density  electron  beam  irradiation  were  presented. 

2.  NOx  removal  experiment  in  Nj  and  model  flue  gas 

2.1  Experimental  setup  and  procedure 

In  Fig.  1,  the  experimental  setup  for  pulse  intense  electron  beam  processing  of  a  gaseous 
mixture  of  NO  is  shown.  High-energy  electron  beams  were  extracted  from  the  diode  and 
injected  into  the  gas  cell  through  the  20p.m  titanium  foil.  Mixed  gas  was  prepared  introducing 
several  gases  into  the  gas  cell.  The  concentration  of  NOx(=  NO+NO2)  and  NO  were  measured 
using  the  NOX-O2  gas  analyzer  (Shimadzu  Co.,Ltd.,  NOA-7000)  before  and  after  beam 
injection.  The  electron  beam  power  in  one  pulse  was  measured  by  the  calorimeter  and 
estimated  by  P*  =/ V^xl^  dt.  VX-160keV)  was  approximately  equal  to  the  measured  diode 
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Fig.  1  .Schematic  diagram  of  experimental  setup  1 . 


Fig.2.Change  of  NO, NO,  and  NOx . 


voltage  ;Vd  and  the  electron  beam  current  ;I,(~140A)  measured  by  the  Faraday  cup.  The  most 
probable  values  of  the  electron  beam  power  was  12.6  ±  0.4J  for  the  capacitor  charging  voltage 
of  ±  50kV  in  the  Marx  generator. 

2.2  Change  of  NO,  NOj,  NOx  and  NOx  removal  efficiency 

The  n6(=200  ppm)/N2  gas  was  irradiated  by  the  pulse  intense  electron  beam  and  change  of 
concentrations  of  NO,  NOj  and  NOx  according  to  increase  of  the  shot  number  was  shown  in 
Fig.  2.  Through  many  dominant  reactions,  NO  was  decomposed  to  Nj  and  Oj  by  N  radicals 
produced  by  the  electron  beam.  NOx  removal  ratio  was  about  20  %  for  the  first  shot  and 
increased  to  95  %  after  8  successive  shots.  The  NOx  removal  efficiency  was  220  -  300 
nmol/J,  which  was  comparable  to  the  efficiency  for  the  low  current  density,  continuous 
electron  beam  and  4  to  7  times  larger  than  that  for  the  electrical  gas  discharge  processing.^^ 
The  efficiency  was  4  times  higher  compared  with  the  decomposition  efficiency  of  Freon  by  a 
similar  pulse  electron  beam  performed  by  one  of  the  authors.**^ 

2.3  Electron  beam  power  dependence  of  NOx  removal  from  NO(=200ppm)/Njgas 

The  removal  ratio  increases  proportional  to  the  increase  of  capacitor  charging  voltage  in 
the  Marx  generator.  As  shown  in  Fig.3,  the  removed  amount  increased  linearly  with  the 
increase  of  the  beam  power  from  4.4  to  14.7J  and  the  efficiency  was  almost  constant  or 
slightly  decreasing  at  large  power.  It  is  possible  that  the  efficiency  is  limited  due  to  longer 
electron  range  compared  with  the  length  of  the  gas  cell  at  large  electron  beam  power. 

However,  it  is  probable  that  the  electron 
beam  power  dependence  corresponds  to 
the  result,  which  dose  rate  does  not  affect 
removal  efficiency,  obtained  after  detailed 
theoretical  and  model  considerations  of  the 
continuous  electron  beam  dry  scrubbing 
process  in  the  mixture  gas. 

2.4  Pulse  electron  beam  irradiation  on 
N0(=160ppm)/0j(20  %)/N2  (80%)  gas 
The  oxidization  of  NO  was  accelerated 
by  the  pulse  electron  beam  irradiation  but 
NOx  was  not  decreased.  In  this  case,  the 


Fig.3.The  amount  of  removed  NOx  and  the  removal 
efficiency  as  a  function  of  the  electron  beam  power. 
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reduction  of  NO  by  nitrogen  radical  was  lower 
grade  reaction  compared  with  the  oxidization  of 
NO  through  production  of  O  radicals  by  the 
electron  beam  because  its  G-value  for  the  reaction 
was  larger  than  that  for  the  production  of  N 
radicals.  At  4"’  shot,  the  oxidization  of  NO  to  NO^ 
was  completed  and  the  oxidization  efficiency  of 
NO  was  estimated  to  be  153nmol/J. 

2.5  Addition  of  NHj  or  CH4  to  NO(=107 


ppmyOj  (20  %)/N2  (80®/o)  gas  Fig.4.Change  of  NO.NOj  and  NOx  in  the  gas 

In  Fig.4,  the  change  of  NO,  NO2  and  NOx  addedofNH3toNO(l07ppm)/O2(20%)/N2(80%). 
according  to  the  increase  of  the  shot  number  was 

shown,  when  NHj  in  equal  amount  of  NO  was  added  to  the  NO/Nj  gas  with  20  %  of  O2 . 
The  concentration  of  NO  measured  before  the  electron  beam  injection  became  smaller  than 


the  calculated  value  (107  ppm)  due  to  insertion  of  the  absorber  of  NH3  between  the  gas  cell 
and  the  analyzer.  After  oxidization  of  NO  to  NO2  rapidly  occurred,  NOx  =N02  started  to 
decrease  at  4*  shot.  NOx  was  13  %  of  the  initial  concentration  at  8*  shot.  In  this  process,  the 


NO  was  removed  from  gas  phase  as  particles  of  nitric  acid  (HNO3)  or  aerosol  particles  of 
ammonium  nitrate  (NH4NO3)  through  many  chemical  reactions.  These  were  including  the 
generation  of  OH  radicals  from  the  dissociation  of  water  (HjO)  in  the  gases.  When  equal 
amount  of  CH4  was  introduced  instead  of  NH3,  NOx  removal  required  more  beam  shot. 
Consequently,  removal .  efficiency(90  nmol/J)  at  8*  shot  was  almost  equal  to  that  in  NHj 


addition. 


3. NOx  removal  from  N0(=200ppm)/N2  gas  in  various  gas  cell  and  N0(=2000ppm)/N2gas 
In  Fig. 5,  the  setup  for  NOx  removal  experiment  by  high  current  electron  beam  transported 
and  compressed  by  external  magnetic  field  is  shown.  The  pulse  electron  beam  generated  by 
the  diode  was  transported  and  compressed  by  the  magnetic  field  of  IT  at  maximum.  Beam 
current  density  increased  up  to  17  A/cm^  Electron  beam  power  was  7.1±0.4J/pulse  with 
magnetic  field  and  3.7±0.2J/pulse  without  magnetic  field.  In  Fig.6,  NOx  removal  ratio  in 
various  gas  cell  as  a  function  of  the  number  of  pulse  electron  beam  shot  was  shown. 

(A) ;Removal  ratio  of  NOx  in  the  gas  cell  of  49cm  length  and  volume  of  1.6  /  shown  in  Fig.5. 

(B) ;in  the  same  gas  cell  of  29cm  length.  (C);in  the  straight  tube  of  9.7cm  inner  dia.  49cm 

length  and  the  volume  of  3.7  /.  (D);  in  the 
same  gas  cell  of  straight  tube  without 
magnetic  field.  (E);  in  the  gas  cell  of  31cm 
inner  dia.,  30cm  length  and  the  volume  of  23  I 
without  magnetic  field.  The  removal  ratio  by 
single  pulse  irradiation  was  as  largest  as  30% 
at  (B).  Beam  shot  number  necessary  for  50% 
removal  ratio  were  (A);3,  (B);2,  (C);8,  (D);l  1 
and  (E);more  than  20.  In  Fig.7,  removal 

Fig.S.Schematic  diagram  of  experimental  setup  2. 
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The  Number  of  Shot  The  Number  of  Shot 

Fig.S.Ilemoval  ratio  of  NOx  in  various  gas  cell.  Fig.7.Removal  efficiency  of  NOx  in  various  gas  cell. 

efficiencies  of  NOx  in  various  gas  cell  were  compared.  Magnetic  field  energy  was  not  take 
into  account  in  the  calculation  of  the  efficiency.  At  the  first  shot,  the  efficiency  for  (A),  (B), 
(C)  and  (D)  is  almost  equal  and  those  were  310  -  380  nmol/J.  At  the  7*  shot,  the  efficiency 
decreased  to  150  nmol/J  for  smallest  gas  cell  (B)  due  to  the  decreased  concentration  of  NO. 
For  the  largest  gas  cell(E),  the  efficiency  at  the  first  shot  was  1200  nmol/J  and  650-860 
nmol/J  at  4  to  12  shot  which  was  more  than  twice  of  those  in  other  gas  cell.  This  result  may 
be  caused  from  DeNOx  by  some  other  effects  peculiar  to  the  pulse  electron  beam  injection 
than  low  density  electron  beam  irradiation.  When  N0(=2000  ppmj/N^  was  irradiated  by  the 
pulse  electron  beam  in  (D),  the  efficiency  at  6*  shot  increased  to  1 100  nmol/J  at  removal  ratio 
of  8%.  This  indicates  that  the  pulse  high  current  beam  efficiently  decomposes  the  high  NO 
concentration  gas  due  to  high  density  radical  production.  Achieved  maximum  removal 
efficiency  was  about  two  times  larger  than  that  for  continuous,  low  current  density  electron 
beam  and  over  ten  times  larger  than  that  for  gas  discharge  processing. 

4.  Discussion  and  conclusion 

The  pulse  electron  beam  irradiation  of  3  shots  with  700  ns  pulse  width  removed  about  50  % 
of  NOx  in  the  gas  cell  of  1.7  /.  If  the  electron  beam  was  injected  by  a  pulse  repetition  rate  of  5 
kHz,  extremely  high  speed  flue  gas  in  a  limited  volume  could  be  treated  by  this  processing. 
By  addition  of  NHj  or  CH4  to  the  model  flue  gas,  NOx  was  removed  by  the  OH  radical 
produced  by  the  electron  beam.  Removal  efficiency  to  the  electron  beam  power  increased  in 
large  volume  gas  cell  and  in  the  gas  of  high  concentration  of  NO. 
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Carbon  bisulfide  as  a  toxic  impurity  is  present  in  large  amounts  in  the  gaseous  waste 
produced  by  a  number  of  industries,  specifically  in  the  production  of  viscose.  One  of  the  ways 
to  lower  the  carbon  bisulfide  content  of  waste  gases  is  by  treating  these  with  pulsed  electron 
beams.  As  shown  in  Ref  [1],  removing  CSi  from  air  exposed  to  microsecond-duration 
electron  beams  is  possible  with  low  expenditures  of  energy,  less  than  the  bond  breaking 
energy  of  this  molecule.  In  the  present  communication,  we  furnish  results  of  experimental 
studies  on  the  removal,  by  use  of  pulsed  electron  beams,  of  the  carbon  bilsulphide  impurity 
from  a  gas  mixture  simulating  the  composition  of  actual  industrial  wastes. 

The  experiments  were  performed  with  two  setups,  which  comprised  electron  accelerators 
generating  pulses  in  the  nanosecond  and  microsecond  time  range.  For  nanosecond-range 
investigations,  a  compact  RAD  AN  accelerator  was  used,  which  generated  a  1 80  keV  electron 
beam  with  a  current  density  of  800  A/cm  and  had  a  pulse  duration  of  3  ns  and  a  pulse 

_ 1  o 

repetition  rate  of  10  s  .A  10-cm  tank  was  exposed  to  radiation.  The  other  setup  employed  a 
plasma-cathod  electron  accelerator  producing  a  radially  divergent  beam  with  the  parameters: 
beam  cross-section  of  1.44  m^,  electron  energy  of  300  keV,  beam  current  behind  output  foil  of 
lOA,  pulse  duration  of  48  ps.  The  tank  irradiated  had  a  volume  of  170  1.  With  the  mixture 
excited  by  the  nanosecond  beam,  a  single  pulse  injected  into  the  gas  an  energy  of  3  10“'^  J/cm^. 
The  energy  introduced  into  the  gas  from  the  microsecond  beam  was  on  the  order  of  lO""* 
J/cm^. 

We  explored  model  gas  mixtures  with  the  constituents  in  different  concentrations:  89  - 
99  %  N2,  0.1  -  10  %  O2,  and  up  to  1%  CS2.  The  mixtures  were  prepared  in  a  special  mixer;  the 
composition  of  the  mixture  and  of  the  carbon  bilsulphide  degradation  products  was  analyzed 
by  gas  chromotography  on  a  detector,  in  terms  of  thermal  conductivity.  From  experimental 
findings,  we  determined  the  number  of  removed  molecules  [ACS2]  and  also  the  expenditures 
of  energy  e  (eV/molecule)  to  decompose  a  carbon  bisulfide  molecule:  e  =  WN/(e  [ACS2]). 
Here  W  is  the  energy  inserted  into  the  gas  in  a  single  pulse,  N  the  number  of  pulses  in  a  single 
radiation  pulse  train,  and  e  the  electron  charge. 
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Fig.  1  Variation  of  carbon  bisulfide  concentration  as  a  function  of  the  number  of  pulses 
at  different  initial  concentrations,  [CS2]  lO'^,  mol/cm^:  1-2,8;  2-1,86;  3-1,63;  4-1,42;  5-1,16. 

Fig.  2  Expenditures  of  energy,  £,  and  the  number  of  removed  molecules  [ACS2]  versus 
the  initial  carbon  bisulfide  concentration. 


In  Fig.  1  we  show  the  CS2  concentration  of  the  model  mixture  versus  the  number  of 
radiation  pulses.  As  can  be  seen,  the  decrease  in  impurity  concentration  depends  linearly  on 
the  number  of  discharge  pulses,  i.e.,  on  the  quantity  of  energy  injected  into  the  gas. 
Significantly,  decreasing  the  impurity  content  in  the  microsecond  discharge  is  efficient  when  a 
much  smaller  amoimt  of  energy  is  introduced. 

For  the  microsecond  mixture  irradiation  mode,  we  have  made  plots  of  e  and  [ACS2] 
versus  the  initial  concentration  [CS2]o  (Fig.  2).  In  the  interval  [CS2]o  (0,8  -  2,7)  10*^  cm“^  the 
number  of  removed  molecules  varies  from  3.7  lO’’  cm“^  to  5.25  lO’^  cm“^ ,  the  expenditures 
of  energy  range  between  1.8  and  1.2  eV/molecule,  values  that  are  substantially  lower  than  the 
dissociation  energy  of  CS2,  which  is  equal  to  7.6  eV. 

When  carrying  out  the  experiments,  the  degradation  products  of  carbon  bisulfide  were 
determined.  In  the  microsecond  mode,  we  detected  sulphur  dioxide  SO2  as  the  oxidation 
product  of  carbon  bisulfide.  We  found  that  after  the  mixture  had  been  exposed  to  a 
microsecond  electron  beam,  the  lateral  surfaces  and  bottom  of  the  plasmochemical  reactor 
were  covered  with  a  yellow-colored  condensed  solid  phase,  while  the  upper  horizontal  surface 
of  the  reactor  was  covered  with  a  dark-brown  viscous  liquid.  An  elementary  analysis  suggests 
that  this  compound  corresponds  to  the  general  composition  (-CS-)n  and  that  its  state  of 
aggregation  probably  depends  on  molecular  mass  when  the  low-molecular  compound 
sublimes  and  condenses  as  a  liquid  on  the  top  of  the  reactor,  whereas  the  the  compound  with  a 
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greater  number  n  precipitates  as  a  solid  powder. 
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Fig.  3  SO2  concentration  versus  the  number  of  pulses  (a)  and  versus  the  number  of  removed 
carbon  bisulfide  molecules  [ACS2]  (b). 

In  the  nanosecond  mode,  the  principal  carbon  bisulfide  oxidation  product  is  sulphur 
dioxide  SO2.  The  dependence  of  SO2  concentration  on  the  number  of  radiation  pulses  in  the 
nanosecond  mode  is  given  in  Fig.  3a.  A  comparison  with  Fig.  1  shows  that  as  the  CS2  content 
is  decreased  there  is  an  increase  in  sulphur  dioxide  concentration.  However,  this  increase  is 
not  a  linear  function  of  the  number  of  irradiation  pulses.  Given  in  Fig.  3b,  curve  3,  is  the 
dependence  of  sulphur  dioxide  SO2  concentration  on  the  number  of  carbon  bisulfide 
molecules,  A[CS2],  removed  from  the  mixture;  this  dependence  is  not  not  a  linear  one,  either. 

It  is  seen  that  with  increasing  A[CS2]  the  concentration  of  sulphur  dioxide  molecules  first 
increases  and  then  stabilizes  at  approximately  the  same  level. 

The  destruction  of  CS2  with  small  expenditures  of  energy  may  result  from  the  realization 
of  a  chain  mechanism  of  carbon  bisulfide  oxidation  similar  to  that  observed  in  chemical  CO 
lasers  [2].  The  chain  reaction  is  initiated  by  the  oxygen  atoms  that  arise  in  the  ionized  mixture 
as  the  O2  molecule  dissociates.  It  may  be  that  the  initiation  of  a  chain  mechanism  in  our  case 
comes  from  the  dissociative  sticking  of  plasma  thermal  electrons  to  carbon  bisulfide  and 
oxygen: 

CS2  +  e  — >  CS  +  S  (1) 

O2  +  e  ^  O  +  0“  (2) 
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The  concentration  of  free  radicals  to  maintain  the  chain  mechanism  is  increased  owing  to 
the  following  processes  [3]; 


CS2  +  S’  ^  CS  +  S2’ 

(3) 

CS2  +  0  ^  CS  +  so 

(4) 

so  +  O2  — >  SO2  +  0 

(5) 

CS  +  O2  ^  cos  +  0 

(6) 

0  +  S2  — >  so  +  s 

(7) 

S  +  O2  SO2  +  0 

(8) 

In  the  microsecond  pulse  mode,  the  product  of  reactions  (1),  (3),  and  (4),  viz.,  CS,  which 
arises  during  the  decomposition  of  CS2,  probably  forms  a  polymer  of  composition  ((-CS-)n, 
that  differs  from  it  in  the  state  of  aggregation  of  the  condensed  phase,  according  to  the  degree 
of  polymerization.  When  the  mixture  is  exposed  to  a  nanosecond  beam,  the  polemerization 
process  is  virtually  absent,  and  the  final  product  precipitates  as  sulphur  dioxide. 

Developing  a  model  to  describe  the  processes  of  degradation  of  CS2  in  the  plasma 
produced  by  pulsed  electron  beams  is  the  subject  of  further  research.  However,  the  data  that 
have  been  obtained  permit  the  following  conclusions  to  be  drawn.  The  degradation  of  CS2  in 
air  by  the  action  of  a  pulsed  electron  beam  occurs  with  low  expenditures  of  enrgy,  ~  (1,2  -  1,8) 
eV/molecule.  Possibly,  a  probable  cause  for  this  is  the  realization  of  a  chain  mechanism  of 
carbon  bisulfide  oxidation.  Depending  on  the  electron  beam  parameters,  the  major  CS2 
decomposition  product  is  either  a  polymer  of  composition  (-CS-)n  or  the  SO2  gas.  The  mixture 
irradiation  regime  under  which  the  end  product  is  a  polymer  in  the  form  of  powder  may  turn 
out  to  hold  much  promise  for  commercial  applications  by  virtue  of  high  efficiency  in 
removing  solid  decomposition  products  of  carbon  bisulfide  and  because  the  technology  of 
trapping  these  products  is  largely  simplified. 
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Many  organic  synthesis  processes  are  accompanied  by  ventilation  emissions  of  exhaust 
air  contaminated  with  the  vapor  of  volatile  organic  compounds  (VOCs).  Recent  investigations 
have  shown  the  efficiency  of  using  electron  beams  to  remove  the  vapor  of  VOCs  from  exhaust 
air.  The  use  of  pulsed  electron  beams  for  these  purposes  has  not  been  adequately  explored 
yet. 

The  goal  of  the  present  work  was  to  study  the  processes  of  removal  of  VOCs  from  the  air 
by  means  of  a  3-ns  electron  beam.  Subjects  of  inquiry  included  acrolein,  styrene  and  benzene, 
i.e.,  the  most  common  toxic  VOCs  present  in  emissions  by  various  enterprises  synthesizing 
organic  compounds,  producing  plastic  materials,  etc. 

To  conduct  experiments,  a  RADAN-303  electron  accelerator  was  used,  which  provided 
an  electron  energy  of  180  keV,  an  output  current  density  of  800  A/cm^,  a  pulse  duration  of 
3  ns,  an  output  window  cross-sectional  area  of  1  cm^,  and  a  pulse  repetition  rate  of  10  pps. 
The  model  mixture  was  placed  in  a  3000-cm^  chamber;  the  electron  path  was  restricted  by  a 
target  disposed  at  a  distance  of  1.0  cm.  In  a  single  radiation  pulse  a  total  of  4.2  mJ  were 
injected  into  the  gas  (90  percent  of  that  energy  was  embraced  by  a  truncated  cone  about  4  cm^ 
in  volume).  With  the  help  of  a  built-in  high-efficiency  fan,  a  flowrate  of  0.5  m/s  was  modeled 
in  the  chamber.  As  it  mixed  uniformly  with  the  rest  of  the  volume  the  air  being  treated  was 
again  directed  through  the  cycle  for  further  treatment.  The  scheme  that  we  employ  here 
models  a  multistage  cleaning  process. 

The  reaction  chamber  was  filled  with  a  nitrogen-oxygen  (80:20)  mixture  that  contained 
VOC  vapor  in  an  amount  on  the  order  of  ~100  to  1000  ppm  (parts  per  million).  Prior  to 
treatment  and  subsequent  to  making  a  train  of  1500  pulses,  an  air  sample  was  taken  from  the 
volume  investigated;  the  VOC  content  was  evaluated  by  the  chromatographic  method. 

The  error  in  determining  the  VOC  content  did  not  exceed  7  percent  in  the  100-1000  ppm 
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range  and  15  percent  in  the  10-100  ppm  range. 

In  Fig.  1  we  present  typical  curves  showing  variations  in  the  concentration  of  acrolein 
(1),  styrene  (2),  and  benzene  (3)  as  a  function  of  the  number  of  pulses  for  different  initial 
concentrations  (ni).  Note  the  exponential  behavior  of  the  curves. 


Fig  1.  Variations  of  VOCs  concentration  ([C],  ppm)  as  a  function  of  a  number  of 
e-beam  radiation  pulses  (ni). 

Fig  2.  Dependencies  of  ln([Co]/[C])  (  were[Co]  and  [C]-  initial  and  running  VOCs 
concentrations  respectively)  from  injected  energy  (W,  eV/cm  ). 

In  Fig.  2  the  same  dependencies  are  plotted  in  other  coordinates:  the  X-axis  shows  the 
amount  of  energy  injected  into  the  gas,  W  in  eV/cm^;  the  Y-axis  gives  the  logarithm  of  the 
ratio  of  the  initial  to  the  running  concentration.  From  the  linear  dependencies  shown  in  the 
figure,  it  follows  that  the  removal  of  the  VOCs  under  study  gives  a  good  fit  to  the  exponential 
behavior  of  concentration  when  the  latter  is  varied  by  90  percent. 

This  may  be  explained  by  the  first  macrokinetic  order  of  the  VOC  removal  process,  for 
which  the  equation  reads  as 

d[C]/dni=-K[C]  (1) 

where  [C]  is  the  running  concentration  of  VOCs,  ni  -  the  number  of  radiation  pulses,  and  K  a 
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constant  of  the  corresponding  dimension. 

Inasmuch  as  W  =  Ki  ni,  where  W  is  injected  energy,  the  values  of  Kg  =  1/Ki  can  be  calculated 
from  the  slope  of  the  plots,  using  the  least  squares  method:  ln([Co]/[C])=  W/Kg.  The  constants 
Ka  specify  the  efficiency  of  removing  VOCs  from  the  air  and  have  the  physical  meaning  of  the 
energy  that  should  be  injected  in  unit  volume  of  air  for  the  concentration  of  VOCs  to  be 
decreased  by  a  factor  of  e  =  2,718.  In  curves  1  to  3,  the  values  of  Ka  are  equal  to  3.45-10'^, 
5.2- and  25-10*^  eV/cm^  for  acrolein,  styrene,  and  benzene,  respectively.  These  constants 
can  be  conveniently  used  for  evaluating  the  energy  contributions  to  the  destruction  of  a  single 
molecule  (e)  with  different  degrees  of  cleaning  and  with  different  initial  concentrations.  Thus 
E  in  the  dimension  [eV/molecule]  is  satisfactorily  approximated  by  an  equation  that  can  be 
analytically  derived  from  Eq.  (1)  and  is  therefore  applicable  to  all  processes  of  this  kind,  i.e., 
processes  that  involve  treatment  by  a  train  of  pulses. 

Namely, 

8  =  Kaln(l-q)-'/([Co]Ti)  (2) 

where  [Co]  is  the  initial  concentration  of  VOCs  in  [mol/cm^]; 

^K[Co]-[C])/[Co]  -  degree  of  cleaning 

With  the  initial  VOC  content  of  1000  ppm  and  with  the  degree  of  cleaning  ri=0.9,  the  s 
values  as  calculated  by  formula  (2)  are  equal  to  3.27,  4.9,  and  24  eV/molecule  for  acrolein, 
styrene  and  benzene,  respectively.  These  values  differ  by  no  more  than  10-15  percent  from 
those  measured  directly. 

The  efficiency  of  removing  VOCs  depends  largely  on  the  presence  of  reactive  groups  in 
organic  substrate.  The  low  values  of  energy  contributions  (s)  to  remove  a  single  VOC 
molecule  may  be  attributed  to  the  fact  that  the  singlet  oxygen  generated  in  the  air  by  the 
electron  beam  participates  in  the  VOC  oxidation  process.  Also,  it  is  quite  probable  that  the 
chain  mechanism  of  VOC  oxidation  may  take  place. 

The  outward  regularities  that  we  have  found  do  not  suffice  to  ascertain  the  actual  VOC 
transformation  mechanism;  however,  knowledge  of  these  regularities  is  indispensable  in 
simulating  VOC  removal  processes  by  computational  methods.  Apart  from  this,  equations  of 
the  type  (2)  permit  us  to  systematize  factors  that  affect  the  efficiency  of  removing  VOCs  from 
the  air,  and  such  systematization  helps  develop  commercial  facilities. 
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1.  ABSTRACT 

Our  paper  reports  about  YSZ  powders  production  by  successive  evaporation  and 
crystallization  in  the  gas  stream.  In  the  laser  applied  the  original  method  of  active  medium 
excitation  was  used.  Efficiency  of  the  laser  constructed  on  the  basis  of  this  method  reached 
22%  and  specific  power  output  ~1  W/cm  .  Pulsed  regime  is  proved  to  be  more  efficient  for 
active  medium  excitation  and  target  evaporation  then  continuous  one.  Targets  made  from 
coarse  YSZ  powder  with  a  Y2O3  content  of  10.15  mol.  %  were  evaporated  and  crystallized  in 
a  stream  of  cleaned  air.  Cubic-structure  YSZ  particles  were  obtained  which  had  a  shape  close 
to  spherical.  Particle  size  distribution  was  close  to  a  lognormal  distribution  with  dg  =  10  nm 
and  CT=  1.75.  Specific  surface  of  the  powder  was  up  to  70  m  /g,  while  the  Y2O3  content 
reduced  to  9.8  mol.  %. 


2.  LASER  PARAMETERS  OPTIMIZATION 

The  competitiveness  of  the  evaporation-condensation  method  for  the  production  of 
ceramic  nanopowders  via  heating  the  target  by  a  CO2  laser  beam  has  recently  been 
demonstrated  by  German  researchers  [1-3].  Also,  the  same  authors  have  shown  that  usage  of 
pulsed  lasers  permits  a  reduction  in  power  consumption  and  in  the  size  of  the  particles 
produced  [3],  although  the  maximum  absolute  magnitude  of  output,  over  100  g/h,  has  been 
demonstrated  for  only  the  mode  of  continuous  laser  radiation.  Understanding  that  this  method 
holds  much  promise  for  the  production  of  nanometer-sized  powders  of  complicated  chemical 
compositions  and  that  it's  optimizing  is  a  challenge,  we  have  decided  to  explore  the 
potentialities  of  the  method  by  in  using  pulsed  CO2  laser  [4]. 

Schematic  of  the  laser  is  shown  on  Fig.l.  For  the  optimal  excitation  pulsed  combined 
discharge  was  used.  The  electrical  circuit  of  excitation  used  permitted  separation  of  power 
supply  sources  without  current  limiting  elements.  Plasma  in  the  discharge  gap  is  produced  by 
short  time  (~10'^  s)  self-sustained  discharge.  Main  part  of  the  energy  (95-97%)  is  pumped 
during  non-self-sustained  discharge  when  the  recombination  of  plasma  takes  place  (time  ^10"^ 
s).  Non-self-sustained  discharge  voltage  was  chosen  under  the  condition  of  optimal  energy 
pumping  to  the  upper  laser  level. 

The  discharge  volume  was  1000  cm^  and  gas  flow  velocity  was  50  m/s.  Pulses  of 
discharge  might  be  single  or  imited  into  bursts.  The  discharge  length  along  optical  axis  was  80 
cm,  distance  between  electrodes  -  4  cm.  We  used  stable  resonator  consisting  of  spherical 
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Fig.  1. 

1  -  pulsed  high  voltage  generator, 

2  -  DC  voltage  source, 

3  -  separation  element, 

4,5  -  electrodes 

C2  -  pre-ionisation  capacitors 

copper  mirror  (focus  length  -  10  m, 
reflection  -  98%)  and  plane  ZnSe  coupler 
(reflection  -  80%).  The  distance  between 
mirrors  was  1 .4  m.  Burst  frequency  might 
be  changed  from  10  to  1000  Hz,  number  of 
pulses  in  burst  -  from  1  to  7  and  time 
between  pulses  in  the  burst  -  from  50  to 
200  ps.  For  the  number  of  discharges  in 
burst  from  1  to  3,  the  length  of  output 
radiation  pulse  was  almost  constant 
(Fig.2).  Only  the  shape  of  output  pulse 
changed. 

Generation  characteristics  of 
combined  discharge-excited  laser  were 
investigated.  The  input  power  and  output 
power  densities  as  a  functions  of  pulse 
repetition  frequency  are  shown  on  Fig. 3.  In 
the  range  of  low  frequencies  (up  to400-f 
500  Hz)  the  input  power  is  proportional  to 
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Fig.2.  Output  intensity  profiles 
for  the  different  length  of  burst 
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Fig.  3.  Discharge  and  laser  power  densities 
as  the  functions  of  the  pulse  frequency: 

1  -  C02:N2:He=l:2:4,  Pressure  90  Torr 

2- CO2:N2:He;H2=3:10:26:3,  90Torr 

3 - C02:N2-1:3,  40  Ton- 

tie  pulse  repetition  frequency,  so  the  irradiated 


power  is  also  proportional  to  it.  At  the  higher  frequencies  the  saturation  and  then  decrease  of 
the  input  and  output  power  take  place  (curve  1).  Though  the  pulsed  self-sustained  discharge 


was  stable  up  to  3^4  kHz  It  seems  to  be  connected  with  intensive  energy  dissipation 
processes,  taking  place  in  the  cathode  layer  and  hence,  with  the  instabilities  development  in 
the  cathode  region.  The  calculations  show  that  under  such  experimental  conditions  the 
cathode  layer  width  was  almost  equal  to  the  thickness  of  Prandtle  layer.  The  gas  flows 
slower  in  the  border  layer  near  the  electrodes,  so  it  was  necessary  to  change  the  gas  between 


electrodes  more  then  once  in  order  to  remove  old  mixture  entirely. 


Moreover,  acoustic  processes  take  place.  As  the  current  between  the  electrodes  appears, 
two  shock  waves  goes  back  and  forward  along  the  gas  flow.  They  are  amplified  inside  the 
sustained  discharge  zone.  So  the  pause  between  pulses  is  necessary  to  remove  all 
inhomogenities  appeared  in  gas.  The  difference  in  peaks  of  output  power  for  the  mixtures 
with  and  without  H2  (-600  and  -900  Hz)  is  obviously  caused  by  heating  the  gas  because  of 
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greater  pumped  power,  which  is  achieved  at  the  lower  frequencies  for  the  mixtures 
containing  hydrogen. 

For  the  ratio  C02/(C02+N2)  higher  then  0.15,  specific  output  power  decreases  with  the 
increase  of  CO2  pressure.  This  fall  is  explained  by  lower  energy  input  into  the  active  media 
due  to  increase  of  attachment  rate,  which  reduces  the  current  pulse  length. 

The  investigation  of  long-time  working  regimes  were  done  for  gas  mixtures  containing 
CO.  It  is  possible  in  such  mixtures  to  save  the  starting  composition  by  CO2  regeneration 
(CO+0  ->  CO2),  which  compensates  CO2  dissociation.  We  have  found  a  mixture 
C02:C0:N2;He  =  1:1.5:10:20,  total  pressure  60  Torr  which  provides  the  output  power  falling 
less  then  10%  after  4  hours  of  operation. 

In  the  experiments  mixture  C02:N2:He=l:4:8  at  the  80  Torr  pressure  was  found  to  be 
optimal.  The  efficiency  22%  (or  28%  without  cathode  fall)  was  obtained  for  this  mixture  on 
the  first  shot.  But  for  this  mixture  efficiency  decreased  faster  during  the  work  because  of  CO2 
dissociation. 


Laser  characteristics  used  for  performing  this  experiment  are  shown  below: 


Average  radiation  power  Pav  =  600  W 

FWHM  of  radiation  pulse  tu  =  180ps 

Number  of  pulses  in  burst  2 

Pulse  shape  close  to  rectangular 

Pulse  repetition  rate  f  =  400  pps 

Efficiency  of  converting  power  drain  to  radiation  t]  =  7.5% 

Diameter  of  laser  beam  at  outlet  mirror  Db  =  35  mm 

Diameter  of  focal  spot  on  target  Df  =  0.45  mm 

Mean  radiation  intensity  on  target  surface  I  =  3.77  x  10  W/cm 

Blowing-through  of  laser  chamber  transverse 

Gas  mixture  C02:CO:N2:He  =  1:1,5:10:20,  total  pressure  60  Torr 

Gas  mixture  exchanged  every  4  hours  of  continuous  operation. 


3.  POWDER  PRODUCTION 

The  experimental  setup  schematic  is  given  in  Fig.  4.  The  target  2  was  rotated  and 
displaced  linearly  by  a  special  drive  1  in  the  horizontal  plane  so  that  the  velocity  of  motion  of 
the  laser  beam  traveling  over  its  surface  remained  constant  and  the  evaporation  of  the  target 
surface  was  uniform.  As  the  target  wore  out  it  was  displaced  in  the  axial  direction  in  such  a 
way  that  its  surface  remained  in  the  plane  of  the  focal  spot.  The  target  used  was  a  60  mm  dia. 
and  17  mm  high  pellet  compacted  from  10-YSZ  powder  (Zr02  stabilized  with  10.15  mol  %  of 
Y2O3)  with  specific  surface  Ss  =  6.1  m^/g. 

The  target  was  compacted  into  a  stainless  steel  cup  and  placed  on  the  supporting  table 
of  the  drive  1.  The  air-ti^t  evaporation  chamber  3  was  blown  through  with  air  cleaned  from 
mechanical  impurities,  which  was  forced  by  a  fan  4.  The  particles  produced  were  transferred 
by  the  air  and  trapped  by  a  cyclone  5  and  an  electric  filter  6.  The  consumption  of  air  was  40 
1/min,  the  air  was  emitted  into  the  atmosphere  via  a  mechanical  filter  7.  The  laser  beam  was 
focused  on  the  target  by  a  lens  8  with  a  focal  distance  of  100  mm.  The  conditions  above 
permitted  to  produce  powders  with  an  output  of  15  g/h  and  specific  area  Ss  =  65-75  m^/g.  The 
powder  produced  was  used  in  conducting  compacting  and  200  nm  in  size  cannot  be 
sedimented  from  the  suspension,  sintering  experiments  [5].  These  investigations  have  shown 
that  the  powders  sinter  at  a  temperature  of  1 100  °C  and  the  ceramics  has  a  density  up  to  98% 
of  the  theoretical  density.  The  powder  contains  up  to  3  wt.  %  of  particles  with  sizes  of  200  nm 
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and  more.  Particles  under  200  nm  in  size  cannot  be  sedimented  from  the  suspension.  These 
coarse  particles  represent  chiefly  spheres  up  to  1  pm  in  diameter,  but  there  are  also  shapeless 
particles  about  10  pm  in  size.  A  distribution  constructed  from  the  photos  indicates  that  more 


than  98%  of  the  particles  are  less  than  40  nm  in  size. 


X-ray  diffraction  and 
electron  diffraction  analyses 
have  shown  that  the  powder 
has  a  cubic  crystal  structure, 

A  TG  analysis  has  shown  ^ 

that  the  moisture  and 
sorbed-gas  content  was 
0.25%  wt.  %  for  raw-  2 

material  powder  and  ~  2.15 
wt.  %  for  the  powder 
produced.  This  moisture 
and  the  gases  are 
completely  removed  at 
about  900  °C.  Y2O3  content 


has  decreased  to  9.8  molar  Fig.4.  Experimental  setup  for  powders  production 


percent,  i.e.,  by  0.35  molar 

percent,  in  the  powder  production  process  The  authors  of  Ref  [2]  observed  a  still  greater 
decrease  in  Y2O3  content,  on  the  order  of  0.6-07  mol  %,  and  attributed  this  to  the  evaporation 
temperature  difference  of  Y2O3  and  Zr02.  In  our  experiments,  the  powder  that  remains  in  the 
target  cup  has  a  partially  molten  surface  film  about  100  pm  thick.  An  X-ray  diffraction 
analysis  of  the  film  material  has  shown  that  the  Y2O3  content  of  the  film  has  increased  by 
approximately  a  factor  of  1.5  as  compared  with  the  Y2O3  content  in  the  initial  composition  of 
the  raw  material.  That  is,  the  hypothesis  made  in  Ref  [2]  has  been  confirmed. 

A  comparison  of  the  output  that  we  have  obtained  for  Pav  ==  600  W  and  I  ~  3.8  x  10^ 
W/cm^  with  the  data  [3]  shows  that  with  Pav  being  equal  and  with  the  pulse  durations  being 
close  to  each  other  in  magnitude,  our  conditions  ensure  an  output  that  is  a  factor  of  2  or  3 
higher.  Apparently,  this  can  be  ascribed  to  the  difference  in  pulse  shape  and  to  the  frequency 
of  radiation  pulses.  Utilizing  a  CO2  laser  with  a  pulse  shape  close  to  rectangular  to  evaporate 
powder  targets  has  enabled  us  to  substantially  increase  the  output  in  producing  ultra  fine 
ceramic  powders  of  complicated  compositions  with  typical  particle  size  on  the  order  of  15  nm. 
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Abstract.  The  present  work  is  an  extension  of  our  earlier  research  on  the  generation  of  low- 
energy  (up  to  30  keV),  high-current  (up  to  40  kA)  electron  beams  of  microsecond  duration  in  a 
plasma-anode  gun  operating  based  on  a  low-pressure  pulsed  reflected  discharge. 

Low-energy  (10-30  keV),  high-current  electron  beams  (LEHCEBs)  are  widely  applied  for 
modification  of  surface  layers  of  various  materials  [IJ.The  most  promising  LEHCEB  sources 
are  guns  with  a  plasma  anode  and  an  explosive-emission  cathode  [2]  which  have  some 
advantages  over  vacuum-diode-based  guns.  Preliminary  filling  the  diode  and  the  beam  drift 
space  with  plasma  makes  it  possible  to  increase  abruptly  the  electric  field  at  the  cathode  and 
the  electron  flow  perveance  compared  to  the  corresponding  parameters  of  a  vacuum  diode  and 
to  improve  substantially  the  uniformity  of  the  energy  density  distribution  over  the  beam  cross 
section.  Earlier  [2]  we  used  as  anode  plasma  (AP)  sources  the  vacuum  arcs  initiated  by 
breakdowns  over  the  surface  of  a  dielectric.  However,  this  method  for  the  production  of  a 
plasma  anode  has  some  disadvantages  conditioned  by  the  erosion  character  of  the  AP 
generation. 

To  overcome  these  disadvantages,  we  have  developed  an  electron  gun  where  the  anode 
plasma  is  produced  by  a  pulsed  reflected  (Penning)  discharge  [3,  4].  A  schematic  diagram  of 
the  system  is  given  in  Fig.  1.  The  Penning  discharge  cathodes  are  the  beam  collector  and  the 
explosive  emission  cathode  of  the  electron  gun.  The  diameter  of  the  explosive-emission 
cathode  is  6  cm.  The  anode  is  made  as  a  ring  of  inner  diameter  7  cm  and  width  1  cm.  The 
cathode-anode  separation  is  6  cm.  A  sectioned  solenoid  creates  a  uniform  guide  magnetic 
field  of  strength  up  to  3  kOe.  The  chamber  is  stationarily  filled  with  a  gas  (Ar)  to  a  pressure 
p={3-9)  xlO'^  Torr. 


CHARACTERISTICS  OF  REFLECTED  DISCHARGE 

The  discharge  was  initiated  by  applying  a  4-kV  voltage  pulse  to  the  anode.  The  discharge 
current  was  limited  by  a  ballast  resistor.  The  discharge  current  amplitude  was  varied  from  4  to 
300  A. 

A  peculiarity  of  the  reflected  discharge  (RD)  under  study  is  its  asymmetry  related  to  the 
presence  of  a  resistor  of  resistance  Ri=25  Q  and  an  inductor  of  inductance  L=60  |iH  in  the 
discharge  circuit  (see  Fig.  1).  This  causes  a  misbalance  in  the  current  share  between  the 
cathode  and  the  collector  (the  discharge  current  is  almost  completely  closed  onto  the 
collector).  This  misbalance  might  result  in  an  unstable  operation  of  the  discharge  because  of 
a  deterioration  of  the  conditions  for  electron  oscillations.  However,  measurements  of  the  ion 
current  density  onto  the  cathode  have  shown  that  the  plasma  density  is  the  same  at  the  cathode 
and  at  the  collector,  and  the  discharge  operation  is  stable. 

For  a  conventional  Penning  discharge  being  a  glow  in  character,  the  operating  voltage  Vp  is 
400-500  V  [5]  for  a  similar  range  of  gas  pressures.  The  CSs  present  in  the  RD  reduces  Vp  to 
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Fig.  1;  Schematic  of  the  electron  gun:  1-  cathode;  2-  anode;  3-  collector;  4-  chamber;  5-  catliode  plasma; 
6-  anode  plasma;  7,8-  Rogowski  coils;  C  (3  pF)-  capacitive  energy  store;  S-  gas  spark  gap;  L  (60  pH)-  charge 
inductor,  Ri,  R2-  resistive  voltage  divider,  and  R3-  ballast  resistor. 


200-250  V.  Probe  measurements  have  shown  that  the  plasma  potential  and  the  electron 
temperature  in  the  discharge  column  are  (ppi=80-90  V  and  Tc=^-1  eV,  respectively. 

Examination  of  the  oscillograms  of  the  ion  current  density  onto  collector  has  shown  that 
the  average  ion  current  density,  except  in  the  peripheral  region,  is yrO.05-0.15  A/cm^  in  10-12 
ps  after  the  initiation  of  the  discharge  (Fig.  2).  This  corresponds  to  the  plasma  density 


«p  ~  (3-9)  xlO  ^  cm'^.  An  increase  in  discharge 
current  leads  in  the  main  to  an  increase  in  the 
fraction  of  the  current  flowing  through  the  CSs. 
As  the  discharge  current  is  increased  from  4  to 
300  A,  the  ion  current  density  increases  from 
0.03  A/cm^  to  only  0.15  A/cm  . 

Observation  of  the  dynamics  of  CSs  has 
shown  that  they  originate  in  the  near-axis 
discharge  region  within  the  falltime  of  the 
anode  voltage,  and  in  a  few  microseconds  they 
all  go  into  the  peripheral  region  of  the 
discharge.  Even  if  a  CS  was  force  ignited  in  the 
near-axis  region  at  the  collector,  it  ceased  to 
operate  as  the  ignition  pulse  is  completed. 

In  our  opinion,  the  CSs  dynamics  is 
determined  by  the  following:  As  a  CS  appears, 
a  significant  portion  of  uncompensated 
negative  space  charge  is  injected  into  the 


Fig.  2.  Waveforms  of  the  ion  current  density,  j„ 
onto  collector  taken  at  different  radii,  r. 
jP=6  X 10  '’  Torr,  discharge  current-  125  A  and  H=?> 
kOe. 


discharge  column.  Since  the  runaway  of  the  electrons  injected  into  the  near-axis  region  of  the 
discharge  is  strongly  hindered  by  the  external  magnetic  field  (/a~//“^  [6]),  only  those  CSs  that 
appear  on  the  collector  within  a  radius  equal  to  the  radius  of  the  anode  will  operate 
unhindered.  This  is  also  confirmed  by  the  fact  that  the  erosion  traces  appearing  on  the 
collector  in  the  course  of  operation  of  CSs  are  localized  within  a  radius  equal  to  the  inner 
radius  of  the  anode. 


GENERATION  OF  AN  LEHCEB 

The  beam  formation  has  been  realized  by  the  following  way.  About  25  ps  after  the 
initiation  of  a  reflected  discharge,  an  accelerating  voltage  pulse  of  risetime  <  10'^  s  was 
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applied  to  the  cathode.  The  plasma  density  Wp  ~  5x  10*^  cm’^  with  the  RD  current  equal  to  34  A 
turned  out  sufficient  for  effective  initiation  of  explosive  emission  at  the  cathode  with  the 
accelerating  voltage  peaked  at  20-25  kV.  Once  explosive  electron  emission  had  been  initiated, 
an  electron  beam  was  formed  in  the  double  layer  between  the  cathode  and  anode  plasmas. 
Thus,  the  plasma-filled  diode  was  a  "direct-discharge"  system  with  a  high  fall  potential  in  the 
near-cathode  region  and  a  rather  long  plasma  column. 

To  elucidate  the  mechanism  for  the  current  passage  in  a  system  like  this,  we  studied  the 
behavior  of  the  waveforms  of  the  accelerating  voltage  (Vd)  and  of  the  beam  current  onto 
collector  (4)  as  functions  of  anode-collector  distance,  /.  Figure  3  presents  typical  Vd  and  A 
waveforms  for  1=3,  9,  and  25  cm.  An  analysis  has  shown  that  a  waveform  of  h  can  be 
subdivided  into  four  characteristic  portions  which  reflect  (I)  the  initial  current  rise  stage,  (II) 
the  quasi-stationary  stage,  (III)  the  fast  current  rise  stage,  and  (IV)  the  current  fall  stage.  Let 
us  consider  successively  each  of  these  stages. 


Fig.  3.  Typical  waveforms  of  accelerating 
voltage  and  beam  current  onto  collector:  /=  3  (a), 
9  (b),  and  25  cm  (c);  p=6xl0"'  Torr,  //=  1.5  kOe, 
pulse  generator  charge  voltage  -  32  kV. 

corresponds  to  the  observed  beam  current 
with  decreasing  /. 


At  stage  I  (^  <  500  ns)  the  dynamics  of  the 
beam  current  is  determined  in  the  main  by  the 
nonstationary  processes  in  the  DL  which  are 
related  to  the  fact  that  the  discharge  voltage  pulse 
risetime  (  ~  10  ns)  is  shorter  than  the  time 
required  for  an  ion  to  travel  through  the  DL 
(  ~  40-50  ns).  In  this  case,  the  electron  current 
density  in  the  DL  rapidly  increases  to  a  value 
being  much  above  the  Langmuir  limit  for  a 
bipolar  flow  [7].  The  DL  gradually  expands,  and 
the  current  density  decreases  to  the  value 
determined  by  the  Langmuir  law.  The  current 
sometimes  falls  more  rapidly  due  to  erosion  of 
the  anode  plasma,  like  this  occurs  in  plasma 
erosion  opening  switches.  As  the  current  rises,  a 
collector  plasma  is  formed  from  desorption 
products,  and  both  the  anode  and  collector 
plasmas  are  accelerated  toward  the  cathode 
under  the  action  of  the  inductive  fall  voltage 
across  the  plasma  column,  Vi.  This  fall  voltage 
reaches  1-5  kV.  A  change  in  distance  I  results  in 
a  change  in  the  initial  ion  density  in  the  AP  (and, 
hence,  in  beam  current)  since  increasing  / 
decreases  the  degree  of  ionization  of  the  working 
gas  for  an  the  RD  current  remained  unchanged. 
As  a  result,  the  beam  current  decreases  with 
increasing  /. 

At  stage  II  (r  ~  0.5 -1.5  ps),  the  current  slowly 
increases  which,  in  our  opinion,  is  provided  by 
an  additional  ionization  of  the  working  gas  by 
the  beam  electrons  and  by  the  plasma  electrons 
that  acquire  sufficient  energy  under  the  action  of 
the  vortex  field  in  the  plasma.  Estimates  show 
that  the  ion  production  rate  in  our  case  roughly 
rise  at  stage  II.  The  duration  of  stage  II  decreases 
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At  stage  III  the  current  rise  rate  increases  owing  to  the  ions  coming  into  the  DL  from  the 
collector  plasma,  accelerated  at  stages  I  and  II.  Estimates  show  that  for  large  values  of  /,  the 
dominant  role  in  the  increase  in  the  ion  current  density  in  the  DL  should  be  played  by  H'  ions, 
being  the  fastest  ones.  (When  the  chamber  is  evacuated  with  an  oil-vapor  pump,  hydrocarbon 
films,  being  a  source  of  protons,  are  always  present  on  the  collector  surface).  According  to 
our  data  [8],  the  ion-emissive  power  of  the  collector  plasma  is  higher  than  that  of  the  AP, 
which  just  provides  the  increased  current  rise  rate  at  stage  III.  The  time  interval  from  the 
beginning  of  the  pulse  to  the  current  maximum  increases  with  /. 

At  stage  IV  the  current  onto  collector  falls  gradually.  The  current  pulse  duration  is 

substantially  longer  than  that  of  the  accelerating 
voltage  due  to  the  plasma  decay  current. 

Thus,  the  most  important  factors  that  dominate  the 
evolution  of  the  beam  current  are  the  nonsteady-state 
character  of  the  DL  at  the  initial  stage  of  the  beam 
formation,  the  inductive  voltage  fall  across  the  plasma 
column,  and  the  dynamics  and  properties  of  the 
collector  plasma.  Of  special  interest  is  the  fact  that  we 
have  been  able  to  transport  a  beam  with  a  current  of 
up  to  40  kA,  which  is  almost  three  orders  of 
magnitude  greater  than  the  Pierce  current  for  electrons 
with  energies  of  up  to  30  keV,  over  a  distance  of  up  to  27  cm.  It  should  also  be  noted  that  the 
total  beam  energy  (as  well  as  the  energy  density)  decreases  with  /  only  slightly  (Fig.  4),  since 
the  decrease  in  current  is  compensated  by  an  increase  in  electron  energy  and  by  a  lengthening 
of  the  voltage  pulse. 
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Fig.4.  Total  beam  pulse  energy 
measured  by  calorimeter  versus  distance  /. 
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ABSTRACT 

This  report  gives  the  description  of  an  industrial  pilot  installation  ‘TLTSATECH"'''’ 
generating  a  pulsed  corona  discharge  for  use  in  teclinical  applications.  The  power  supply  of  the 
corona  is  based  on  the  ase  of  a  three-stage  Fitch  pulsed  voltage  generator  (FPG)  with 
hydrogen-filled  thyratrons  as  switching  elements.  The  installation  can  be  used  for  cleaning 
hazardous  ofF-gases  of  power  plants  and  industrial  objects,  as  vveU  as  in  some  exotic  fields  of 
application  such  as  destruction  of  tl^e  chemical  weapon  stocks. 

Comparative  data  on  the  operation  of  the  two  tvpes  of  gas-discharge  switches  -  thyratron 
with  heated  cathode  and  th>Tatron  with  cold  cathode  (pseudo-spark  switchboard  -  PSS)  with  a 
rated  voltage  of  50  kV  are  also  reported.  Operating  time  attained  for  the  PSS  of  Russian  design 
and  fabrication  in  testing  modes  of  operation,  allows  to  expect  a  service  life  in  real  modes  of 
operation  up  to  3-7  thousand  hours. 


LNDUSTRIAL  PILOT  INSTALLATION  “PULSATECR“” 


Now  many  countries  are  developing  technologies  for  cleaning  off-gases  of  power  plants 
and  industrial  enterprises  based  on  the  use  of  pulsed  corona  discharge.  Off-gases  cleaning  from 
harmful  organic  and  inorganic  admixtures  can  be  peifoimed  by  directing  the  off-gas  flow  in  the 
electiofilter  tlirough  a  zone  of  pulsed  corona  discharge  yielding  ions  and  radicals  of  gas 
molecules  which  enter  into  radiation  chemical  reactions  with  contaminant  molecules.  These 
reactions  result  in  transformation  (conversion)  of  gaseous  admixtures  in  aerosols  or  solid 
products.  Table  1  gives  some  of  our  results  on  cleaning  air  and  off-gases  from  ecologicallv' 
harmful  admixtures  using  pulsed  corona  devices. 


Table  1 


Contaminant 

■ 

Cleaning  rate,  % 

Power  consul^  1 
ption,  W-h/m^  ■ 

! 

Final  products 

1  Kind 

1 _  _ _ _ 

Concentration. 

vol.% 

i  Sulfur  dioxide.  SO; 

0.02-4.0  ! 

60-90 

5-7  i 

Sulfuric  acid 

;  Nitrogen  oxides,  NOv 

0.05-0.6  i 

70-95 

- ^ - 1 

0-5  ; 

Nitric  acid 

Phenol 

0.01  i 

99 

^  25  '■  ! 

Hydroquinon 

Styrene 

0.01  j 

99 

15  i 

Polystyrene 

Benzene 

0.04  i 

75 

50  1 

Hydroquinon 

Ammonia 

0.01  I 

95 

20  r 

Ammomium  nitrate 

The  main  difficultv’  of  industrial  realization  of  the  pulsed  corona  devices  is  the  requuement  of 
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an  inexpensive  and  durable  power  supply  of  pulsed  corona  discharge  capable  to  generate  dunng 
a  long  lime  voltage  pulses  with  required  parameters.  L'sing  the  results  ol  expenments  and  results 
of  computer  simulation  [1]  we  have  developed  and  put  into  operation  an  inexpensive  and  quite 
industrially  realizable  pulsed  corona  device  on  the  base  of  a  3 -stage  pulsed  \oltage  Fitch 
generator  (FPG)  with  maximum  use  of  standard  higll-^  oltage  ecjuipnient  and  thyralrons  as  a 
switchboard.  A  dc\icc  of  this  t>pe  has  been  installed  and  tested  at  the  US  Department  of 
Energv's  former  test  bed  facility  in  Butte,  Montana,  now  --  MSE  Fech.  Appl.  The  basic  ciicuit 
diagram  of  tliis  installation  (Fig.l)  is  protected  b>'  Russian  and  USA  patents  [2]  and  is  known  as 
"PUTSATECfr'- •  device. 

FPG  involves:  a  liigh  voltage  power  source  B.  three  capacitor  modules  charging 

j - j- - ;  induc-tanccs  Li,  L^,  a  series  diode 

]  1  D  ~r  q  D  and  tlw  ratron  S.  FPG  output  is 

_ LL.^  ,-N  I - p-n  i  directly  connected  to  the  coronating 

I  ’  i  vs  ■  i  \  electrode  of  the  electrostatic 

®  i  >  I  *  precipitator  EF.  The  heating  current 

I  !  ;  supply  for  hydrogen  reseivoir  (and 

1 1  j  _ .r..  I  1  Uy  I  q[-|[i|[-  i  in  the  case  of  heated  cathode 

!  •  iqi  ,  !  ^  I  J  1  I  thyratron  also  for  cathode  filament) 

^ Y  f  '  under  Itigli  voltage  consists  of  two 

III  ^  transformers  T],  T?  with  balancing 

^  -I  =  T,  C;  capacitors  C4-C7  and  separating 

^  r|(.'  J_  inductance  coils  L3,  L4.  The 

I  — .  'i  thyratron  trigging  system  in\olves  a 

- 1  Q  control  block  E  and  a  pulse 

transformer  T3.  The  device  is  also 
Fig.l.  Schematic  diagram  of  the  pulsed  corona  cleaning  supplied  w  ith  .systems  for 

device  “PUT^SATECH^'"’  measurement  of  output  voltage  Ud 

and  cun  ent  Ip. 

The  device  functions  as  follows.  By  charging  the  capacitors  charging  vector  polarity  of 
odd  capacitors  is  initially  opposite  to  that  of  even  capacitor  thus  the  voltage  applied  to  the 

coronating  electrode  is  equal  to  charging 


Fig.l.  Schematic  diagram  of  the  pulsed  corona  cleaning 
device  “PUT.SATECH"'"’ 


40  *1111  lij  ODD.  1 


A 

/  \u 


3"  W. 


Tek.jirBBooM3/f  40*1111  is  000.1  vac  Voltage  Uz.  The  thyratron  trigging  results  in 

■  ; ”'p  ■  ■  -  ’  y  ■  •  foiming  a  closed  oscdlatoiy  circuit  involving 

U  V  :  .  \  even  capacitor  CT.  pkvsma  beam  inside  the 

?0  tj-*  ;  :  i  thyratron  and  ecometrical  inductance  of 

AC  \  •  5 

^  ;  4  wuing  Lrf.  The  oscillation  half-period  i/2  = 

*7^.'  7ivLd-C2.  .After  this  time  the  charging 

qfiq  -t- .  i  V .  .y .  .....  .  .  ...  J 

vector  of  the  even  capacitor  is  completely' 

,  /  ■  :  ^  revolted  to  the  opposite  diiection  and  the 

'  j _ I  :  j  vectors  of  all  tluree  capacitors  are  added  thus  a 

-I.  A  aV- . tvU  ■  S6  V  .:  ■  loom  Chi'/  voltage  pulse  with  amplitude  Us:3Uz  is  applied 

c  , T..r --I . . .  ^  to  the  space  between  coronating  and 

r  a  i.  ivT-v-cti  i.Svai'igraTi  cr  oe;  c:  j5rc'  z-szJi  ^  ° 

LI  -  voirage.  -  <:un«it '.y  -  pY'^er  grounded  electrodes  of  the  EF  producing 

streamer  corona.  Typical  oscillogram  of  the 
FPG  output  is  shown  in  Fig.  2.  The  corona 
enables  chemical  reactions  resulting  in  conversion  of  admixtures  into  liquid  and  or  solid 
products  and  the  DC  voltage  constantly  applied  to  the  EF  removes  these  products  from  the  gas 
flow. 

Main  teclmical  characteristics  of  the  "PLT.S.\TECH '  device  are  as  follow  s: 


F  g  2.  Typ  cal  cscaioa'ann  cf  gerT-rarc' 
LI  -  voirage.  ■  -  currerit  'A'  -  p':^.ver 
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charging  DC  voltage  Uz=40  kV,  pulse  amplitude  U==80-110  kV  (depending  on  the  EF 
design),  stage  capacitance  C1.3  =6  nF,  pulse  duration  i=300  ns,  frequency  of  pulse  repetition 
100  Hz,  power  10  kW,  electrical  efiSciency  70%. 


THE  SWITCHING  DEVICE 

The  most  critical  component  of  a  pulse  power  supply  is  the  switcliing  device.  In  most  cases 
in  powerful  installations  operating  in  nanosecond  range  of  pulse  duration  thyratrons  are  used  as 
switchboards  due  to  their  high  efficiency  and  large  overloading  abilitv-’.  However  classical 
thyratrons  where  the  heated  cathode  is  the  main  source  of  emission  have  the  maximal  total 
operating  resource  10^  C.  This  means  that  the  durabilitv'  of  a  thyratron  is  at  maximum  some 
hundreds  hours,  while  an  operating  time  of  3-8  thousand  hours  or  (1-4)*  10  C  is  required. 

New  t\pe  of  switching  devices  -  the  thyratrons  with  the  cold  cathode  (or  pseudospark 
switches  -  PSS),  combine  the  best  features  of  tliyrahons,  spark  discharges  and  thyristors.  Tliey 
are  capable  to  switch  energy’  storing  devices  to  a  low-impedance  load  satisfying  practically'  all 
requirements  by  low  power  consumption,  small  dimensions  and  weight.  Their  additional 
important  characteristics  are  relativ'eK’  low  cost  and  absence  of  high  current  heating  circuits. 
However,  known  PSS  as  a  matter  of  fact  are  thyratrons  with  grounded  grid  (GGT)  wfrose 
trigging  is  caused  by  superdense  glow  discharge  from  hollow  cold  cathode  rather  than  by  arc 
discharge  from  the  heated  cathode.  In  this  connection  their  durability'  appro.ximately 
corresponds  to  that  of  GGT,  but  does  not  exceed  this  parameter  for  classical  thyratrons. 

There  are  four  main  factors  limiting  service  life  of  thyratrons. 

1.  fiitense  erosion  of  the  cathode  resulting  in  destruction  of  its  emission-active  layer  in 
thyratrons  with  the  heated  cathode,  and  in  GGT  -  in  increase  of  the  sizes  of  apertures  in  the 
cathode  (grid); 

2.  Decrease  of  electrical  strength  of  the  device; 

3.  Destruction  of  the  anode  by  electronic  bombardment  caused  by  so-called  starting 
losses; 

4.  Change  of  working  pressure,  due  to  gas  absorption  and  poisoning  of  the  generator  of 
hydrogen  by  gases  emitted  from  electrodes  during  service  life. 

The  nano.second  modes  of  operation,  in  particular  in  Fitch  generators,  are  especially 
heavy  for  switchboards.  Thyratrons  with  heated  cathode  and  existing  PSS  fail  mainly  due  to  the 
1-st  factor. 

PSS  developed  in  Russia  [3,4,5]  have  essential  differences  in  the  design  of  cathode-trigger 
assembly  which  makes  it  pos.sible  for  them  to  operate  in  the  circuits  with  giounded  cathode 
characteristic  of  classical  thyratrons.  This  results  in  a  drastic,  by  several  orders  of  magnitude, 
increase  of  service  life  due  to  following  reasons. 

•  The  main  emitting  electrode  is  removed  outside  the  high-voltage  gap.  In  existing  devices 
erosion  at  current  densities  near  to  apeitures  characteristic  of  PSS  (10'’  .Vcm^)  results  in  fast 
increase  of  interelectrode  distance  and  failure  of  the  device  due  to  decrease  of  breakdown 
voltage,  according  to  the  Paschen  law; 

•  The  emitting  surface  of  the  main  emitting  electrode  increases  thus  lowering  the  current 
load  by  distributing  the  current  over  greater  surface. 

Practically  the  failure  of  such  devices  in  nanosecond  mode  of  operation  is  caused  by  the 
3-d  factor  -  destruction  of  the  anode  rather  than  by  the  1-st  one.  This  process  is  especially 
accelerated  (after  10' -10^  pulses)  if  the  thyratron  operates  at  reduced  working  gas  pressure.  One 
of  the  ways  for  resolving  this  problem  is  the  use  of  a  shared  hollow  anode  design.  In  this  case 
anode  as  well  as  cathode  (grid)  is  made  of  two  parts  shaiing  functions  of  a  high-voltage 
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electrode  delennining  electrical  strength  and  of  a  cun  ent-rccehing  electrode  mainly  subjected  to 
erosion.  The  design  of  the  pseudospark  switch  TP2-10k  50  with  hvo  high  x  oltage  gaps  is  shown 
in  Fig.3.  The  device  has  the  coaxial  two-chamber  cathode  (C)  with  the  auxiliary  anode  placed 
inside  it  (Aux  A)  and  shared  anode  having  two  parts  -  potential  (P.\)  and  collector  (A)  ones. 


Fig.3.  Tlie  TP2-10k/50 
thvratron  desian 

streamer  corona. 


The  auxihaiy  anode  can  sene  as  an  electrode  of  the 
preparatoty  discharge,  and  by  use  of  the  device  in  the  high- 
frequency  circuits  also  as  a  blocking  electrode.  In  the  variant 
of  operating  circuit  using  P.SS  shown  in  Fig.l.  the  connection 
of  the  anode  tlrrough  the  resistor  Ri  provides  reception  of  the 
basic  current  unfocused  in  the  dtiff  space  inside  the  anode 
chamber  by  the  surface  of  the  collector  (A).  At  the  same  time 
the  potential  anode  subjected  to  the  action  of  high  v  oltage  is 
not  exposed  to  erosion  thus  providing  increase  of  the  device 
lifetime. 

Tire  device  has  higli  time  stability  (t^eiay  100  ns,  jitter 
about  1  as)  and  small  time  of  dischar  ge  formation  (5-10  ns), 
allowing  to  it  to  work  in  fast  operation  circuits. 

Last  results  of  testing  allow  to  expect  the  durability-  of 
such  PSS  to  be  more  than  5  thousand  hours  in  modes  of 
operation  characteristic  of  nanosecond  power  sources  of  a 
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Abstract.  A  method  for  preliminary  treatment  of  electrodes  with  a  low-energy,  high- 
current  electron  beam  of  microsecond  duration  is  proposed.  This  method,  combined 
with  subsequent  conditioning  of  the  vacuum  gap  by  pulsed  discharges,  makes  it  possible 
to  achieve  high  values  of  the  breakdown  electric  field.  Projected  uses  of  the  method  for 
increasing  the  electric  strength  of  high-power  electrodynamic  systems  are  described. 


1.  Introduction 

A  major  concern  in  developing  high- 
power  electrodynamic  systems  is  to  provide 
high  pulsed  electric  strength  of  the  vacuum 
insulation.  Thus,  e.g.,  in  systems  intended 
for  production  of  hot  plasmas,  a  need  arises 
to  use  constructional  elements  that  locally 
violate  the  regime  of  magnetic  self-insula¬ 
tion  [1].  It  is  in  these  regions  with  enhanced 
electric  fields  that  breakdown  occurs,  which 
leads  to  appreciable  energy  losses.  Another 
example  refers  to  the  production  of  super- 
high-power  pulsed  microwaves.  Thus,  in¬ 
creasing  the  power  and  duration  of  micro- 
wave  pulses  generated  with  the  help  of  high- 
power  pulsed  electron  beams  can  be  limited 
by  the  explosive  electron  emission  and 
breakdown  occurring  in  the  electrodynamic 
structures  [2]. 

It  should  be  noted  that  the  operating 
electric  fields  attained  by  now  are  far  from 
the  physical  limit  (  <  3x10^  V/cm  )  deter¬ 
mined  by  the  tunnel  emission  of  electrons 
from  the  cathode.  The  difference  is  related  to 
the  fact  that  the  surface  of  an  electrode  is  not 
perfectly  smooth  and  clean;  it  contains  local 
regions  (micropoints  or  foreign  inclusions) 
showing  high  emission  activity. 

A  number  of  techniques  for  electrode 
preparation  developed  by  now  are  focused 
on  the  elimination  of  emitting  regions  and 
on  the  enhancement  of  the  electric  strength 
of  the  vacuum  insulation  [3,4].  These  tech¬ 
niques,  as  a  rule,  give  no  way  for  solving  the 
problems  concerned  with  the  best  smoothing 
of  the  surface  and  simultaneous  efficient 


cleaning  of  the  surface  layers  from  impuri¬ 
ties  and  contaminants  and  are  rather  labor- 
consuming  and  costly.  This  has  stimulated 
us  to  develop  a  more  perfect  technique  for 
preparation  of  electrode  surfaces. 

2.  The  essence  of  the  method 

In  1990  we  proposed  and  then  de¬ 
veloped  [5,6]  a  new  method  for  enhance¬ 
ment  of  the  electric  strength  of  a  vacuum  in¬ 
sulation.  It  is  based  on  preliminary  treatment 
of  the  electrode  surfaces  with  a  low-energy, 
high-current  electron  beam  (LEHCEB)  of 
microsecond  duration.  In  the  process  of  sur¬ 
face  treatment  with  an  LEHCEB  (1  -  3  ps, 
20  -30  kV,  5-15  J/cm^),  the  surface  layer 
of  thickness  up  to  several  micrometers  is 
molten  and  the  surface  is  heated  to  a  tem¬ 
perature  at  which  noticeable  evaporation 
takes  place.  As  the  beam  pulse  ends,  di¬ 
rected  superfast  crystallization  of  the  molten 
metal  takes  place  which  leads  to  a  transfer  of 
impurities  to  the  surface  and  their  evapora¬ 
tion  and  to  the  formation  of  more  homoge¬ 
neous  structures.  This  effect  is  enhanced 
substantially  upon  treatment  of  the  surface 
by  a  series  of  10  to  50  pulses  (cyclic  treat¬ 
ment).  In  such  treatment,  a  whole  set  of 
problems  are  solved:  the  surface  is 
smoothed;  foreign  inclusions,  impurities, 
and  gases  are  removed  from  the  surface 
layer;  a  material  layer  uniform  in  properties 
is  formed;  owing  to  the  fine-grained  struc¬ 
ture,  the  residual  impurities  are  dispersed 
over  a  very  large  area  of  the  intergrain 
boundaries  and  their  influence  sharply  de¬ 
creases;  the  possibility  for  target  production 
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of  surface  structures  by  mixing  specially  de¬ 
posited  layers  with  the  base  appears. 

The  paper  presents  the  results  of  a 
study  of  the  effect  of  LEHCEB  treatment  of 
electrodes  on  the  pulsed  electric  strength  of 
vacuum  gaps  with  stainless-steel  electrodes. 
Also  discussed  are  the  prospects  for  using 
this  technology  for  finish  treatment  of  parts 
of  high-power  electrodynamic  systems. 

3.  Experimental 

This  experiment  was  carried  out  for 
stainless-steel  electrodes  in  pure  vacuum 
conditions  with  the  use  of  rectangular  volt¬ 
age  pulses  of  amplitude  250  kV  and  duration 
30  -  100  ns  [6].  The  electric  field  at  the 
electrode  surface  was  calculated  by  solving 
numerically  the  Laplacian  equation.  When 
the  vacuum  gap  spacing  was  varied  from  1 
to  10  mm,  the  effective  area  of  the  cathode 
(the  area  at  which  the  electric  field  is  over 
90%  of  its  maximum  value)  varied  from  0. 1 
to  2  cm^. 

Figure  1  presents  typical  conditioning 
curves.  Curves  /  and  II  have  been  obtained 


Fig.  1:  Typical  breakdown  conditioning  curves 
for  vacuum  gaps  with  electrochemically  polished 
(/,  II  )  and  LEHCEB-irradiated  (  III,  IV,  V  ) 
eleetrodes.  Pulse  duration:  1  -  IV  -  100  ns,  V  - 
40  ns. 

for  vacuum  gaps  with  electrochemically 
polished  electrodes  and  curves  III  and  IV 


for  vacuum  gaps  with  LEHCEB-irradiated 
electrodes.  With  that,  curve  III  has  been 
obtained  for  electrodes  having  been  kept  in 
air  for  two  hours  after  irradiation  and  curve 
IV  has  been  taken  three  days  after  irradia¬ 
tion. 

Prior  to  the  beginning  of  conditioning 
and  after  its  completion,  prebreakdown  cur¬ 
rent-voltage  characteristics  were  measured. 
The  characteristics  of  prebreakdown  currents 
were  measured  with  the  use  of  a  high-sensi¬ 
tivity  dc  current  amplifier  and  a  low-jitter  dc 
voltage  source.  These  characteristics  were 
processed  using  the  Fowler-Nordheim  equa¬ 
tion  for  field  emission.  This  processing 
makes  it  possible  to  find  the  parameters  of 
the  local  efficient  emission  centers  on  the 
cathode  surface  that  are  responsible  for  the 
emission  activity  of  the  cathode,  namely,  the 
factor  of  electric  field  enhancement,  /?,  and 
the  emission  area,  Sc  [3,4].  The  results  of 
processing  of  these  characteristics  are  given 
in  Table  1 .  An  analysis  of  these  data  allows 

Table  1:  Results  of  processing  of  the  Fowler- 
Nordhcim  plots.  The  plot  numbers  correspond  to 
the  respectively  numbered  points  of  the  plots  in 
Fig.  1. 


No. 

1 

2 

3 

4 

P 

245 

348 

1060 

340 

Ig(.S'e),  (cm^) 

-10.2 

-10.0 

-10.3 

-10.0 

No. 

5 

6 

7 

9 

P 

180 

53 

160 

53 

IgOS’e),  (cm^) 

-10.2 

-6.7 

-10,0 

-6.4 

the  conclusion  that  after  LEHCEB  irradia¬ 
tion,  the  first-breakdown  electric  field,  is'br, 
had  increased  about  twice.  In  the  process  of 
breakdown  conditioning  of  the  vacuum  gaps 
with  irradiated  electrodes,  the  electric  field 
E'br  increased  to  a  much  greater  degree  than 
for  the  case  with  unirradiated  electrodes. 
These  data  are  in  agreement  with  the  results 
of  processing  of  the  respective  Fowler- 
Nordheim  plots.  The  LEHCEB  treatment  of 
electrodes  followed  by  conditioning  effi¬ 
ciently  cleans  the  cathode  surface  and  re¬ 
duces  the  prebreakdown  currents.  Com¬ 
paring  curves  III  and  IV,  it  can  be  stated  that 
the  keeping  of  irradiated  electrodes  in  air  has 
a  detrimental  effect  only  on  the  dynamics  of 
the  increase  in  electric  strength  in  the  pro- 
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cess  of  breakdown  conditioning.  With  that, 
the  first-breakdown  electric  field  re¬ 
mains  on  the  same  level.  This  effects  of  the 
keeping  of  irradiated  electrodes  in  air  can  be 
accounted  for  by  the  fact  that  a  thicker  oxide 
layer  is  formed  on  the  electrode  surface  in  a 
longer  time. 

The  experiments  have  demonstrated 
that  the  LEHCEB  surface  treatment  of  elec¬ 
trodes  reduces  the  density  of  emission  cen¬ 
ters  by  a  factor  of  five  to  ten.  It  follows  that 
the  smaller  the  electrode  area,  the  more  sub¬ 
stantial  effect  of  preliminary  electron  beam 
treatment  on  the  electric  strength  of  the  vac¬ 
uum  insulation  should  be  expected.  This 
shows  up  in  the  dependence  of  E'br  on  Seif. 
Figure  2  shows  this  dependence  (plot  I)  for 
vacuum  gaps  with  electrodes  pre-irradiated 
with  an  LEHCEB.  Given  for  comparison  are 
similar  dependencies  obtained  in  pure  vac¬ 
uum  conditions  after  prolonged  conditioning 
of  the  gaps  by  breakdowns.  It  can  be  seen 
that,  despite  the  "area  effect"  taking  place, 
the  high  efficiency  of  the  proposed  method 
for  surface  treatment  of  electrodes  is  evi¬ 
dent. 


Fig.  2;  Dependence  Ebr  on  5efr  for  vacuum  gaps 
with  stainless-steel  electrodes  (I)  pre-irradiated 
with  an  LEHCEB  and  similar  dependencies  for 
gaps  with  stainless-steel  (2)  and  copper  (i)  elec¬ 
trodes,  obtained  in  pure  vacuum  conditions  after 
prolonged  breakdown  conditioning  of  the  gaps 
[7],  given  for  comparison. 

4.  Electron-beam  treatment  of  the 
Saturn  system  parts 

Figure  3  shows  schematically  a  frag¬ 
ment  of  the  wave  lines-to-diode  joint  of  the 
Saturn  system.  During  the  passage  of  a  high 


Fig.  3:  Schematic  diagram  of  a  part  of  the  wave 
lines  -  diode  joint  in  the  Saturn  system.  1  -  re¬ 
gions  of  the  surface  of  the  wave  line  cathode 
electrodes  where  the  mode  of  magnetic  self-in¬ 
sulation  is  realized  and  2  -  regions  where  break¬ 
downs  of  vacuum  gaps  occur,  leading  to  sub¬ 
stantial  energy  losses. 

current,  magnetic  self-insulation  takes  place 
at  the  cathodes  of  the  vacuum  lines.  These 
cathode  regions  are  marked  “1”.  However, 
the  lines  have  construction  holes  (regions 
marked  “2”)  where  the  mode  of  magnetic 
self-insulation  is  not  realized.  This  results  in 
breakdown  of  the  vacuum  gaps  and  in 
significant  energy  losses.  Thus,  the  principal 
concern  is  to  suppress  the  emission  activity 
of  the  cathodes  at  the  ends  of  these 
construction  holes. 

A  conceptual  solution  of  this  problem 
is  illustrated  by  Fig.  4.  It  is  suggested  to  treat 
the  hole  ends  with  the  use  of  a  new  version 
[8]  of  an  available  LEHCEB  source  [5,6]. 
An  advantage  of  the  new  source  over  the 
former  one  is  the  absence  of  the  generator  of 
erosion  (carbon)  anode  plasma  and  of  the 
graphite  cathode  that  contaminated  the  sur¬ 
face  layer  of  the  material  under  treatment. 
Used  as  anode  plasma  is  the  plasma  gen¬ 
erated  by  a  Penning  cell  whose  cathodes  are 
a  wire-array  explosive-emission  cathode  (5) 
and  the  part  under  treatment  (7)  and  whose 
anode  is  the  cylinder  (9)  enclosing  the  elec¬ 
tron  beam  aperture.  The  working  material 
for  the  plasma  is  inert  gas  (argon)  fed  into 
the  Penning  cell.  This,  together  with  the  oil- 
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free  evacuation  system  to  be  used,  will  make 
the  conditions  for  surface  treatment  much 
more  pure.  The  magnetic  field  necessary  for 
the  operation  of  a  Penning  discharge  is  util¬ 
ized  simultaneously  to  form  and  to  transport 
the  beam.  Preliminary  testing  of  this 
LEHCEB  source  [8]  has  demonstrated  that 
it  can  be  used  successfully  for  surface  treat¬ 
ment  of  electrodes. 


Fig.  4:  Arrangement  that  will  allow  treatment  of 
the  ends  of  the  wave-line  cathode  electrodes  of 
the  Saturn  system.  1  -  piece  under  treatment;  2  - 
vacuum  chamber;  i  -  multipoint  wire  cathode;  4 
-  cathode  plasma;  5  -  anode  plasma  of  the  Pen¬ 
ning  discharge  in  argon;  6  -  trajectories  of  the 
beam  electrons;  7  -  solenoids  creating  a  guide 
magnetic  field,  and  8  -  anode  of  the  Penning  cell. 

5.  Electron- beam  treatment  of  the 
parts  of  a  high-power  relativistic 
BWO 

Figure  5  presents  a  schematic  diagram 
of  a  one-mode  relativistic  BWO.  To  pre¬ 
clude  explosive  electron  emission,  it  is  in¬ 
tended  to  treat  with  an  electron  beam  the 
slow-down  system  components  at  the  sur¬ 
faces  of  which  the  UHF  electric  fields  may 
reach  10^  -  10^  V/cm  at  a  radiation  pulsed 
power  of  ~10^  W.  Moreover,  to  improve  the 
conditions  for  the  formation  of  a  high-cur¬ 
rent  electron  beam,  at  low  magnetic  fields 
included,  electron-beam  treatment  of  the 


cathode  holder  will  be  performed.  It  is  ex¬ 
pected  that  the  BWO  will  be  operated  with 
an  electron  beam  of  duration  40  ns  and  elec¬ 
tron  energy  1.5  MeV. 


Fig.  5:  Schematic  diagram  of  a  relativistic  BWO. 
1  -  cathode,  2  -  cathode  holder,  3  -  slow-down 
system  components,  and  4  -  regions  where 
breakdowns  of  vacuum  gaps  occur. 
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TECHNOLOGICAL  APPLICATIONS  OF  INDUSTRIAL 
ELECTRON  ACCELERATORS  of  ELV  SERIES. 
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Ac.  Lavrentyev  av.  11,  630090  Novosibirsk,  Russia. 

From  1983  in  our  Institute  is  functioned  a  technological  group  for  investigation  of 
new  application  of  powerful  electron  beam  (EB)  in  atmosphere.  For  this  purpose  is  used 
industrial  accelerator  ELV-6  and  was  designed  set  of  installations  and  plants.  The 
technologies  have  been  carried  out  in  co-operation  with  other  firms  and  organisations.  The 
energy  range  of  electrons  1..1.5  MeV  corresponds  the  penetration  depth  of  electrons  in  the 
different  materials  0.5.. .6  mm  that  is  convenient  for  applications.  EB  extraction  into 
atmosphere  is  done  through  the  foil  window  with  maximal  power  density  of  EB  80  W/cm^ 
or  through  the  system  of  diaphragms  with  holes  about  1  mm  diameter.  In  the  last  case  EB 
specific  power  can  achieved  1  MW/cmL  Device  for  beam  extraction  through  the 
diaphragms  contains  magnetic  lenses  and  is  used  when  high  concentration  of  power  in  the 
beam  is  needed.  After  outputting  end  of  the  device  it  can  be  equipped  by  magnets  for 
scanning  in  two  mutually  perpendicular  directions.  In  this  case,  the  beam  is  deflected  in 
air. 

Our  Institute  develops  both  low  and  high  temperature  EB  technologies.  One  of  the 
most  promising  low  temperature  applications  of  electron  beam  technology  for 
environmental  ones  are  flue  gas  purification  and  waste  water  treatment  [1].  The  delivered 
for  this  purpose  ELV-type  accelerators  operate  in  follow  countries:  Russia  -  5,  Poland  -  2, 
Japan  -  2,  Korea  -  1.  There  were  some  full  scale  (several  hundreds  kW  of  accelerators 
power  in  each)  projects  in  our  country  for  waste  water  treatment  (Voronezh,  Pervomaisk, 
Petrodvorets,  Kirishi)  but  all  of  them  are  not  realised  now.  The  most  promoted  project  in 
Russia  now  is  in  Angarsk  city  (Angarskpetrosyntez).  Here  are  delivered  2  accelerators  (80 
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and  40  kW)  with  maximum  energy  up  to  2.0  and  1.5  MeV  correspondingly.  Now  this 
installation  is  under  construction  and  will  start  at  the  end  of  this  year. 

The  Electron  Beam  process  is  used  for  example  to  clean  the  flue  gas  from  SO2  and 
NOx  [2].  The  estimation  of  the  required  dose  for  the  efficient  SO2  (95*^  0  )  and  NOx  (80%) 
removal  shows  that  1  MW  electron  beam  power  would  be  sufficient  for  100  MW  generator 
of  a  powerful  electric  station.  ELV-accelerators  which  are  produced  by  BINP  are  widely 
used  in  investigation  for  this  problems. 

Waste  water  treatment  is  very  actual  too.  The  electron  beam  treatment  of  drinkable 
and  waste  water  offers  an  universal  efficient  and  ecologically  acceptable  possibility  of  water 
purification  and  disinfecting.  The  treatment  of  organic  compounds  (ethylene  glycol  and 
phenol),  PVA,  and  dye  by  irradiation  of  an  electron  beam  was  studied  in  the  BINP  in  co¬ 
operation  with  other  scientific  institutes.  Besides  that  due  to  a  vital  problem  of  purification 
of  waste  water  containing  heavy  metals  ions  the  special  investigation  have  been  performed. 
Decrease  in  concentration  of  heavy  metals  in  solution  takes  place  practically  in  all  the 
cases.  The  most  high  effect  was  observed  for  decreasing  Cr(VI). 

In  Russia  a  line  of  surfactant  waste  water  purification  operates  in  Voronezh  (Fig.  1). 


Fig.l.  Irradiation  of  surfactant 
waste  water. 


The  technological  line  is  equipped  with  two  ELV  accelerators,  40  kW  each.  The  line  output 
is  10000  cubic  meters  per  day.  Here  is  combined  electron  beam  and  biological  method  of 
purification  from  biologically  strong  surface-active  substance  (nekal). 
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EB  is  used  for  gels  production  from  water  solutions  as  well  [3].  The  process  consist 
of  the  irradiation  of  initial  3-5%  water  solution  of  polyethylenoxide.  For  irradiation  as  rule 
used  conveyer  with  width  of  water  layer  5  mm.  Absorbed  dose  is  50-120  kGy.  Aquagels 
widely  used  as  medium  for  medicine  preparation,  cosmetics,  as  sealing  medium  for  ultra 
high  frequency  investigation  in  medicine  and  so  on. 

Number  of  investigations  were  carry  out  on  polymerisation  of  lacquer  coat  of 
different  materials. 

The  technology  of  medicine  sterilisation  by  using  of  X-ray  converter  of  EB  was 
developed  [4].  In  the  converter  used  water-cooling  tantalum  target.  One  of  the  main 
advantage  of  this  technology  is  that  there  is  no  heating  of  medicine  during  the  sterilisation 
so  active  components  of  medicine  did  not  destroyed.  This  converter  make  available  high 
uniformity  of  volume  absorbed  radiation  dose  distribution.  The  uniformity  of  absorbed 
dose  have  the  great  important  due  of  narrow  range  of  dose  when  both  medicine  activity 
stay  high  enough  and  demand  sterilise  provided. 

High  temperature  radiation  technologies  are  attractive  due  to  the  heating  source 
purity,  volume  heat  inputting,  practically  unlimited  EB  specific  power  and  combination  of 
radiation  and  thermal  action  of  it  on  material.  In  the  field  of  this  technologies  promising 
results  have  been  achieved  in  manufacturing  wide  class  of  ceramic  materials  by  melting 
and  sintering  methods.  This  ceramics  is  complex  oxide  materials  and  intend  as  insulator, 
conductor,  construction  and  heat  insulation  ceramics.  They  based  on  Ti,  Cr,  Zr 
compounds,  ZrO?  and  so  on.  The  abrasive  materials  of  ZrOi  -  AI2O3  system  were 
synthesised  also.  Special  conveyer  type  plant  with  water  cooling  wails  was  designed  for 
production  of  ceramic  materials  by  melting  of  initial  components.  Quick  cooling  of  molten 
faze  in  the  plant  is  often  used  as  drops  into  water.  The  similar  equipment  was  used  for 
production  ammonia  synthesis  catalyst  by  melting  of  natural  magnetite  [5].  That 
technology  was  brought  in  the  Institute  of  Nitrogen  Industry  in  Moscow. 

The  whole  set  of  investigations  was  made  on  EB  manufacturing  of  various  types  of 
cements  by  sintering  of  initial  components  [6].  For  this  purpose  was  developed  special  stack 
type  plant  with  water  cooling  walls  and  uniformly  deposition  of  powder  on  the  wide 
sintering  zone  under  the  beam.  The  top  position  of  sintering  zone  stay  stationary  due  to 
descending  bottom  of  the  sinters  muterial. 
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The  Investigation  on  manufacturing  of  pure  ultra-dispersion  nanometre  range 
powders  from  gas  phase  was  made.  For  this  purpose  a  plant  with  accompany  the  beam  in 
magnetic  field  for  conserving  of  high  specific  power  and  preventing  an  overheating  a  wall 
of  reactor  is  used. 

The  regimes  of  steel  hardening  was  developed  for  various  machinery  parts  [7].  Steel 
hardening  is  water-free  process  (self-hardening)  and  is  produced  without  melting  of  surface 
(Fig.2). 


Fig.2.  The  scheme  of  hardening  the 
roll  detail:  1  -  accelerator,  2- 
concentrated  beam,  3  -  EB 

declining  device,  4  -  treated  detail. 


The  depth  of  hardened  layer  varies  from  0.2  to  2  mm  and  the  process  productivity  achieved 
200  cm^/s.  The  whole  diapason  of  carbon  steels,  cast  irons,  and  a  great  number  of  alloy 
steels  of  martencite  class  is  exposed  to  hardening  [8].  The  splitting  of  initial  corn  of 
austenite  took  place  for  number  of  alloy  steels,  that  secures  high  complex  of  surface  layer 
properties  [9].  Hardening  can  be  final  operation,  because  of  preserving  the  initial  surface 
finish  class  as  a  result  of  high  speed  of  process  and  because  of  a  warpage  usually 
accompanying  hardening  can  be  negligible.  The  computer  simulation  of  temperature 
conditions  during  the  hardening  was  made  and  shows  the  good  agreement  with 
experimental  dates. 

Concentrated  EB  can  be  effective  for  powder  surfacing  on  the  metal  parts  from 
different  materials  [10].  The  hardening  powder  is  applied  on  the  surface  of  metal  part  and 
is  melted  by  EB  together  with  the  surface  layer  of  initial  part.  The  EB  penetration  depth  is 
about  1  mm  and  the  depth  of  melted  layer  can  be  regulated  from  1  to  5  mm.  The  essential 
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features  of  process  are  the  following;  high  productivity  up  to  20  cmVs  or  up  to  40  kg  of 
powder  per  hour  and  low  specific  expenses  of  energy  during  the  process. 

Besides  above-mentioned  our  technology  group  get  some  promising  results  in 
production  of  fullerens  by  evaporation  of  carbon  in  helium  atmosphere  (fig.  3)  and 
purification  of  metals  by  evaporation  method  and  destruction  by  incineration  of  high-toxic 
and  difficulty-distracted  compounds  (Fig.  4). 


CARBON 


Fig.  4 

Production  of  fullerens  by  evaporation 
of  carbon  in  helium  atmosphere. 


BEiCTOR  PURIFICATION  SYETIEli 
FROM  DECOMPOSITION 
PRODUCTS 


Fig.5. 

Destraction  by  incineration  of  high- 
toxical  and  difficulty  -  destructed 
compounds. 
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Abstract 

We  have  investigated  the  possibility  of  the  use  of  the  X-rays  to  erase  CMOS 
programmable  digital  ICs  (PDIC).  In  the  experiment  were  used  microcontrollers  IC 
Z86  (Zilog)  and  87C196KR  (Intel). 

Repetitive  pulsed  electron  accelerator  URT-0,5  was  used  as  a  X-rays  generator.  It 
had  produced  7,6  Gy  per  minute  (50  pps)  at  5cm  from  the  anode  on  the  axis,  where 
the  chips  were  placed.  The  maximum  doze  rate  was  6,36  kGy/sec.  The  absorbed  dose 
was  measured  using  a  LiF-  detectors. 

Tested  chips  with  specie  program  in  its  memory  were  irradiated  until  the 
information  has  been  erased.  A  periodic  control  the  chip  memory  during  the  irradiation 
was  performed.  It  has  been  found  experimentally  that  CMOS  PROM  become  free 
after  irradiation  with  a  doze  about  380  Gy,  if  it  was  wrapped  up  with  10-pm  thick  A1 
foil.  The  foil  only  connected  chip  pins.  It  is  possible  to  make  this  erasing  procedure 
with  the  same  chip  more  than  twice.  Irradiation  erased  chips  was  successfully  tested  in 
the  working  device. 


Introduction 

In  designing  electronic  devices,  extensive  use  is  currently  made  of  programmable 
digital  ICs  (PDIC)),  specifically  microcontrollers.  PDICs  make  it  possible  to  develop 
new  devices  by  programming  their  internal  memory  -  a  way  that  is  simpler,  faster  and 
less  expensive  than  the  conventional  method.  The  software  and  hardware  sets 
available  permit  the  functions  of  both  the  PDIC  itself  and  of  the  electronic  device  being 
created  to  be  computer  simulated  before  writing  the  program  in  the  internal  memory  of 
the  PDIC.  This  has  recently  enabled  manufacturers  to  abandon  using  costly 
ultraviolet-transparent  windows  above  PDIC  chips.  Those  windows  allowed  a 
repeated  use  of  PDICs  by  erasing  the  internal  memory  with  the  ultraviolet  light. 

However,  computer  simulation  cannot  be  complete  and  does  not  rule  out  possible 
errors;  apart  from  this,  it  often  becomes  necessary  to  introduce  some  alterations  when 
developing  new  devices.  But  reprogramming  expensive  enough  PDICs  today  is  not 
possible. 

For  this  reason,  we  have  made  an  attempt  to  erase  the  internal  memory  of  PDICs  by 
using  the  braking  radiation  of  a  pulsed  high-current  electron  beam.  It  is  known  that 
radiation,  including  bresmsstrahlung  radiation,  enjoys  uses  in  testing  the  quality  of 
semiconductor  ICs  and  in  modifying  their  properties  [1].  The  effect  of  ionizing 
radiation  on  the  materials  and  structure  of  semiconductors  has  been  much  studied  [2]. 
However,  we  have  not  found  in  the  literature  the  proposed  use  of  radiation. 
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Experimental 


The  experiments  were  performed  on  Zilog  series  Z86  microcontrollers  and  Intel 
87C196KR  chips.  The  radiation  source  used  was  a  0.5  MeV  URT-0.5  accelerator  [5] 
operating  in  the  braking  radiation  mode  at  a  pulse  repetition  rate  of  50  pps  and 
producing  at  a  distance  of  0.5  cm  from  the  target,  where  the  chips  were  placed,  the 
average  power  of  the  absorbed  dose  of  7.64  Gy/min,  with  the  maximum  pulsed  power 
of  the  absorbed  dose  of  6.36  kGy/s. 

Testing  and  writing  was  effected  for: 

•  Zilog  series  Z86  microcontrollers,  with  the  company’s  programmer  ommulator; 

•  Intel  87C196KR  microcontrollers,  with  the  programmer  “Sterkh-710”,  NPO 
“BOND”,  Berdsk 

Preliminarily  certified  PDICs  with  a  written  test  (all  units)  or  working  program  were 
irradiated  until  completely  erased.  During  radiation,  the  PDICs  underwent  periodic 
testing.  On  exposure  to  radiation,  the  PDICs  were  tested  for  the  possibility  of  writing 
both  test  programs  and  working  programs  with  subsequent  operation  in  a  real  device. 
Our  findings  are  as  follows: 

•  A  realiable  erasure  of  information  from  all  PDICs  (ten  pieces  of  each  type  were 
used)  took  place  with  an  exposure  time  of  50  minutes  (absorption  dose  of  about 
380  Gy). 

•  At  half  the  dose,  most  of  the  information  was  erased,  except  for  several  bits. 

•  Erasure  is  possible  only  provided  that  the  PDIC  is  wrapped  in  an  aluminum  foil  so 
that  all  IC  contacts  are  reliably  interconnected. 

•  All  PDICs  were  ready  for  reuse  after  the  first  erasure;  80  percent,  after  the  second 
erasure;  50  percent  of  the  chips  withstood  four  cycles. 

The  test  PDICs  were  made  on  the  basis  of  the  CMOS  technology.  The  available 
data  on  the  radiation  resistance  of  Intel  8080A  CPU  microprocessors  [2],  made  by  the 
same  technology,  suggest  that  with  an  absorbed  dose  of  100  Gy,  9  out  10  microchips 
remain  serviceable.  These  data  may  account  for  the  fact  that  failures  of  PDICs 
increase  in  number  as  the  number  of  irradiation  cycles  is  increased. 

Information  in  the  PDIC  memory  element  built  on  the  CMOS  technology  is  written 
by  applying  a  certain  negative  critical  voltage.  Significantly,  a  charge  arises  at  the 
silicon  nitride  -  silicon  dioxide  interface  and  a  high  logical  level  “1”  is  set  up,  whereas 
when  a  positive  critical  voltage  is  applied  a  low  logical  level  “0”  is  set  up  [4]  Thus, 
erasing  information  from  the  PDIC  calls  for  increasing  the  magnitude  of  the  charge  to 
the  logical  “0”.  The  charge  dispersal  mechanism  may  be  both  superficial  and  spatial. 
With  the  X-radiation  intensity  exceeding  10^  Gy/s,  as  in  our  case,  the  injected  current 
density  becomes  commensurate  with  the  bulk  current  density,  10^  A/cm2  [2].  Support 
for  the  decisive  role  of  leakage  currents  comes  from  the  need  to  electrically  connect 
PDIC  leadouts,  as  the  memory  element  circuit  built  around  CMOS  transistors  [4] 
presupposes  the  absence  of  connections  between  writing,  reading,  address,  supply,  and 
ground  buses.  And  that  complicates  the  path  for  the  current  to  be  dispersed  without 
the  interconnection  of  the  busbars. 

However,  our  intensities  do  not  suffice  (10^  Gy/s  threshold)  for  the  development  of 
a  photovoltaic  effect,  which  resides  in  the  voltage  drop  varying  across  the  under-the- 
gate  dielectric  and,  therefore,  in  a  threshold  voltage  shift  [2]. 

To  test  the  mechanism  of  erasure,  we  exposed  87C196LC  PDICs  PDICs  to 
irradiation  with  60Co  isotopes,  with  a  gamma  radiation  intensity  of  about  102  Gy/min. 
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With  an  absorbed  dose  of  500  Gy,  information  was  reliably  erased  from  the  PDICs. 
This  confirms  the  determining  role  of  leakage  currents  in  the  radiation-induced  erasure 
of  information  from  PDICs. 


Conclusion 

Thus  the  possibility  of  using  photon  radiation  to  erase  infromation  from  the  internal 
memory  of  PDICs  may  be  considered  as  an  established  fact.  The  URT-0.5  accelerator 
permits  up  to  30  Z86  or  15  87C196KR  to  be  irradiated  concurrently.  The  energy 
consumption  for  radiation-induced  erasure  does  not  exceed  3  kW  h.  Considering  that 
operating  the  accelerator  for  one  hour  costs  about  $15,  the  estimated  cost  of  radiation- 
induced  erasure  will  amount  to  about  $0.5  for  Z86  PDICs  and  to  $1  for  87C196KR. 
This  value  is  a  factor  of  10  to  30  lower  than  the  cost  of  PDICs  and  may  be  largely 
reduced  by  rational  use  of  radiation,  for  example  by  stacking  PDIC  in  several  layers. 
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ABSTRACT 

We  studied  on  foil  acceleration  driven  by  a  reaction  of  high  density  ablation  plasma 
produced  by  irradiation  of  an  intense  pulsed  light  ion  beam  (LIB)  on  a  solid  foil  target.  Two 
kinds  of  diodes  were  used;  1)  magnetically  insulated  diode  (MID)  with  energy  density  on  a 
target  is  300J/cm^  and  2)  two-dimensional  focused  spherically  shaped  plasma  focus  diode 
(SPED)  with  4kJ/cm\  We  measured  foil  velocity  up  to  ~3.3km/s  for  the  case  of  SPED  and 
evaluated  ablation  plasma  pressure  was  ~5GPa,  which  were  in  good  agreement  with  simple 
numerical  analysis.  Significant  increase  in  hardness  of  the  aluminum  target  was  also  observed. 
We  were  much  interested  in  further  studies  on  acceleration  process,  comparison  of  precise 
numerical  simulation,  improvement  of  material  properties  of  a  foil  target  and  interaction  between 
a  highly  accelerated  flyer  and  other  target  materials. 


INTRODUCTION 

Recently  studies  on  interaction  between 
thin  foil  target  and  intense  pulsed  light  ion  beam 
(LIB),  where  the  equation  of  state,  dynamics  of 
the  beam  interaction  with  condensed  target,  and 
properties  of  solids  and  plasma  at  high-energy 
densities  have  been  investigated."  Precise 
velocity  measurements  of  foil  tiuget  have  also 
reported.'"  We,  at  the  Laboratory  of  Beam 
Technology  of  Nagaoka  University  of 
Technology,  have  started  to  study  on  an 
acceleration  process  of  a  solid  foil  target  by 
ablation  plasma  produced  by  irradiation  of  an 
LIB. 

The  main  objectives  of  the  present  paper 
are  to  introduce  experimental  configuration, 
measurements  of  a  foil  target  velocity,  and 
evaluation  of  ablation  plasma  pressure. 


PRINCIPLE  AND  EXPERIMENTAL 
ARRANGEMENT 

Basic  principle  of  the  present  foil 
acceleration  is  shown  in  Fig.  1 .  Intense  pulsed 
LIB  is  produced  by  MIE)  or  SPED,  whose 
schematic  cross  sectional  views  are  shown  in 
Fig.  2  and  Fig.  3.  It  is  irradiated  on  a  solid  foil 
target  and  its  energy  is  deposited  within  the 
depth  so-called  the  range.  Energy  of  LIB  is  so 
intense  that  a  part  of  a  solid  target  turns  into 
ablation  plasma  instantaneously.  While  high 


Range 


Acceleration 


► 


Target  Foil 
(Aluminum) 


Fig.l  Ba.sic  principle  of  foil  acceleration 
by  high  density  ablation  plasma. 


Power  Flow 


Anode 


□  Ion  Source 


^  SPFD 

Power  Flow 


Fig.2  Schematic  cross  sectional  view  of  the 
Two-dimensional  focused  spherically 
shaped  plasma  focus  diode  (SPFD). 
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Fig.3  Schematic  cross  sectional  view  of  the 
magnetically  insulated  diode  (MID). 

pressure  and  high  temperature  ablation  plasma 
then  expands  backward,  the  residual  solid 
target  is  accelerated  forward  due  to  a  reaction 
of  the  ablation  plasma.  Experimental 
conditions  are  summarized  in  Table  1. 
Species  of  LIB  is  mainly  proton.  Energy 
densities  are  4kJ/cm^  for  SPED  and  lOOJ/cm^ 
for  MID.  Materials  of  a  solid  target  foil  are 

aluminum  and  copper  with  thickness  of  50|xm 

and  lOOpm. 

VELOCITY  MEASUREMENT 

Outline  of  velocity  measurement  and 
expected  oscilloscope  trace  are  shown  in  Fig. 4. 
The  aluminum  target  foil  accelerated  by 
ablation  plasma  reaches  to  the  detector 
electrodes  and  make  the  circuit  short. 

Oscilloscope  trace  must  rise  after  some  delay 
of  F  (s)  which  is  required  for  the  target  foil  to 
fly  the  distance  of  d  (m),  as  shown  in  Fig.  4. 
Therefore,  averaged  target  foil  velocity  v 
over  Fean  be  given  by  the  following  relation. 

v=d/t'  (1) 

Typical  measured  trace  for  the  case  of 
SPFD  ion  source  is  shown  in  Fig.  5.  At  t=0, 
LIB  reaches  to  the  target  foil.  Although 
noticeable  noise  is  superposed  on  measured 
signal,  delay  time  can  be  determined  with 
sufficient  accuracy.  In  this  case  shown  in 
Fig.  5,  obtained  delay  time  and  distance  d  are 

0.6ps  and  2xl0‘^m,  respectively.  Measured 
average  velocity  is  3.3km/s.  Conversion 


Table  1  Experimental  conditions. 


Ions,  energy 

H",  1.2MeV 

Ion  Source 

Nitrocellulose 

Alkyd  Resin 

Composition 

(C,2H,  50|  g)n 
(^1  1^10^6)" 

Composition  Ratio 

C:H:0:N=33:34:32:4 

SPFD:  4kJ/cm" 

MID:  lOOJ/cm^ 

Foil  Configuration 

lOmmxlOmm 

Thickness  (mass) 

50|im  (13.5mg), 
100|i,m  (27mg) 

Foil  material ,  mass 

Al,  Cu 

Fig.4  Outline  of  velocity  measurement 
and  expected  oscilloscope  trace. 


Fig. .5  Typical  measured  trace  for  the  case 
of  d=2mm  using  SPFD. 
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Fig. 6  Typical  measured  trace  for  the  case 
of  d=3mm  using  MID. 


2000 


12  3  4 

Distance,  d  (mm) 

Fig.7  Measured  velocity  for  various 
distance  using  MID. 


efficiency,  which  is  defined  by  kinetic  energy  of  foil  flyer  divided  by  deposited  energ^y  of  LIB 
on  the  target  foil,  can  be  estimated  as  ~  4%.  Typical  result  using  MID  is  shown  in  Fig. 6.  It 
can  be  seen  that  accuracy  of  t’  (s)  measurement  can  be  much  improved  due  to  minor 
modification  of  measurement  system.  Measured  velocity  in  this  case  is  1.63km/s.  Measured 
velocities  for  the  case  of  MID  are  sunamarized  in  Fig.7.  We  have  to  note  that  uncertainty  of 
measured  velocity  is  not  due  to  error  in  measurement  but  to  a  bit  poor  reproducibility  of 

experiments.  Velocities  reached  are  1.6km/s  for  the  foil  thickness  of  50pm  and  0.8km/s  for 

100pm.  Conversion  efficiencies  are  9%  for  100pm  and  17%  for  50pm.  Further  it  must  be 
noted  that  foil  flyer  may  be  accelerated  within  the  distance  of  1mm.  This  may  be  quite 
reasonable  because  the  duration  time  of  pulsed  ion  beam  is  about  60ns. 


PRESSURE  EVALUATION 

In  order  to  evaluate  the  pressure  of 
ablation  plasma,  we  assume  that  the  foil  is 
accelerated  up  to  measured  velocity  with 

constant  acceleration  over  the  delay  time  t’  as 
is  shown  in  Fig. 8.  Then  acceleration  of  the 
foil  can  be  written  as: 

a  =  2-v/t'^  (2) 

The  pressure  of  ablation  plasma,  P  can  be 
evaluated  by 


P=amlA  (3) 

Fig. 8  Assumption  of  constant  acceler- 

where  tn  and  A  denote  mass  of  the  foil  flyer  ation  motion  for  evaluation  of 

and  cross  sectional  area.  Ixt  us  evaluate  ablation  plasma  pressure, 

ablation  plasma  pressure  for  the  case  of 

maximum  foil  velocity  has  obtained  with  ^ 

SPFD.  In  this  case,  measured  delay  time  /’  and  distance  cl  are  0.33ps  and  1x10  m, 

respectively.  Then  assumed  constant  acceleration  a  is  calculated  as  1 .8xl0'°m/s-  and  ablation 
plasma  pressure  is  evaluated  to  be  about  5GPa  using  mass  of  the  foil  target  of  27mg  and  cross 
sectional  area  of  IxlO'ml  Of  course,  we  have  to  note  that  these  values  are  averaged  ones 

over  the  period  of  r  sec.,  and  the  actual  acceleration  must  be  much  higher.  So  the  actual 
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maximum  ablation  plasma  pressure  is  expected  to  be  quite  higher,  too.  We  are  preparing  time- 
resolved  optical  velocity  measurement  for  detailed  studies  on  acceleration  process  and  for 
precise  information  of  ablation  plasma  pressure. 


FOIL  OBSERVATION 

We  observe 
accelerated  foil  target 
after  an  experiment. 

Typical  photographs 
of  them  before  and 
after  a  shot  is  shown 
in  Fig.  8.  From  the 
photograph  of  after 
the  shot,  central  part  is 
almost  removed  due  to 
the  collision  with 
electrodes  for  velocity 
measurement.  We 
found  significant  (a)  before  shot  (b)  after  shot 

increase  in  hardness 

of  the  aluminum  target.  Fig.8  Photographs  of  aluminum  target  foil  before  and  after  shot. 
Studies  on  improve¬ 
ment  of  surface  hardness  by  an  irradiation  of  high  power  pulsed  ion  beam  have  been 
reported. We  are  now  preparing  to  measure  surface  hardness  of  irradiated  foil  target.  We 
have  strong  interest  in  improvement  of  material  properties  and  interaction  between  a  highly 
accelerated  flyer  and  other  target  materials. 


Aluminum  target  foil 


CONCLUDING  REMARKS 

The  first  experiments  of  foil  acceleration  by  a  reaction  of  high  density  ablation  plasma 
produced  by  irradiation  of  an  intense  pulsed  LIB  on  a  solid  foil  taiget.  were  introduced.  Two 
kinds  of  diodes  were  used;  (1)  magnetically  insulated  diode  (MID)  with  energy  density  on  a 
target  is  lOOJ/cm^  and  (2)  spherical  plasma  focus  diode  (SPFD)  with  ~4k.l/cm'. 

Measurements  of  a  foil  velocity  and  evaluation  of  ablation  plasma  pressure  were  carried  out. 
Measured  foil  velocity  was  up  to  ~3.3km/s  for  the  case  of  SPFD  with  higher  energy  deposition 
and  evaluated  ablation  pressure  was  ~5GPa,  which  were  in  good  agreement  with  simple 
numerical  consideration.  This  value  was  evaluated  under  the  assumption  of  constant 
acceleration.  Actual  maximum  ablation  plasma  pressure,  therefore,  was  expected  to  be  quite 
higher. 

Significiuit  increase  in  hardness  of  the  aluminum  taiget  was  also  observed.  We  would 
like  to  proceed  to  next  steps  of  further  studies  on  acceleration  process,  compiuison  of  precise 
numerical  simulation,  improvement  of  material  properties  of  a  target  and  interaction  between  a 
highly  accelerated  flyer  and  other  target  materials. 
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Abstract  Pulsed  wire  discharge  has  been  successfully  applied  to  nanosize 
powder  production.  In  the  demonstration  experiments,  the  discharge  was  carried 
out  with  the  peak  current  of  ~  10  kA,  the  pulse  length  of  ~  20  fis,  and  the  pulse 
energy  of  ~  80  J.  Nanosize  powders  of  metals,  metal  oxides,  and  metal  nitrides 
have  been  synthesized  by  pulsed  discharge  of  metal  wires  in  argon,  oxygen  or 
nitrogen.  The  typical  powder  production  rate  was  ~  5  mg/pulse.  The  results 
of  surface-area  measurement  have  given  the  average  powder  sizes  in  the  range  of 
20  ~  70  nm,  depending  on  the  material  of  the  powders. 

1.  INTRODUCTION 

Nanosize  powders  are  solid  particles  with  typical  size  in  the  range  of  1  to  100  nm. 
Materials  of  this  size  have  very  large  specific  surface  area.  As  a  result,  nanosize  powders 
have  many  special  physical  and  chemical  properties  that  can  not  be  obtained  with  the  bulk 
material.  For  this  reason,  nanosize  powders  are  of  many  interesting  applications  in  material 
processing  for  electronics,  magnetics,  and  optics.  They  are  also  applicable  as  catalysts  and 
pigments. 

Fine  particles  with  dimensions  less  than  1  |im  are  difficult  to  obtain  by  mechanical  method. 
Instead,  they  are  usually  produced  in  the  process  of  uniform  solidification  of  a  supersaturated 
vapor  in  an  ambient  gas.  There  are  two  different  kinds  of  process  that  may  lead  to  the 
supersaturated  vapor  necessary  for  powder  production,  the  chemical  process  and  the  physical 
process.  In  the  chemical  process,  the  expected  vapor  is  produced  by  appropriate  chemical 
reactions  between  gases.  In  the  physical  process,  on  the  other  hand,  the  vapor  is  produced 
by  heating  (evaporation).  The  physical  process  may  get  rid  of  the  unexpected  products  of 
the  chemical  reactions,  resulting  in  higher  purity  of  the  produced  powders,  although  the 
chemical  process  is  advantageous  in  having  higher  powder  production  rate. 

High-power  pulsed  lasers  or  pulsed  particle  beams  can  be  used  to  evaporate  almost  any 
kind  of  matter.  Experiments  have  proved  that  nanosize  powders  can  be  produced  by  using  a 
pulsed  laser  or  a  pulsed  light-ion  beam  [1,2].  In  this  paper,  we  report  a  new  technique  which 
applies  pulsed  wire  discharge  to  material  evaporation,  as  a  physical  process,  for  nanosize 
powder  production.  The  basic  principle  is  illustrated  in  Fig.  1 .  A  pulsed  current  is  driven 
through  a  solid  wire  which  is  located  in  an  ambient  gas  (Fig.  la).  The  current  deposits 
electrical  energy  in  the  wire  due  to  its  finite  resistance.  This  deposited  energy  melts, 
evaporates  and  ionizes  the  wire  material  resulting  in  a  plasma  that  expands  into  the  ambient  gas 
(Fig.  lb).  This  high  temperature  plasma  gradually  cools  due  to  its  interaction  with  the  gas, 
giving  rise  to  a  high  temperature  vapor  of  the  wire  material  that  condense  uniformly  in  the 
ambient  gas  (Fig.  Ic).  In  addition,  as  in  the  other  physical  processes,  the  evaporated  metal 
vapor  produced  by  pulsed  wire  discharge  may  react  with  the  ambient  gas  resulting  in  ceramic 
powders. 

We  have  carried  out  demonstration  experiment  to  show  the  practicability  of  powder 
production  by  pulsed  wire  discharge.  The  experimental  results  have  shown  that  nanosize 
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Fig.  1  Principle  of  nanosize-particle  production  by  pulsed  wire  discharge. 


powders  of  metals  as  well  as  many  kinds  of  oxide  and  nitride  can  be  synthesized  by  pulsed 
discharge  of  metal  wires  in  the  ambient  gas  of  argon,  oxygen  or  nitrogen  [3], 


Table  I  Typical  parameters  of  the 
experiment 


2.  EXPERIMENTAL  SETUP 

Figure  2  schematically  shows  the 
arrangement  of  the  experiment.  The 
wire  is  located  in  a  chamber  filled  with  the 
ambient  gas.  The  discharge  is  driven  by 
a  simple  circuit  consisting  of  a  capacitor 
and  a  gap  switch.  After  discharges,  the 
powders  floating  in  the  ambient  gas  are 
collected  by  pumping  the  gas  through  a 
filter. 


Gas 

Inlet 


Vacuum 

Pump 


Fig.  2  Experimental  setup. 


Typical  experimental  condition  is  summarized  in  Table  I. 
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Fig.  3  XRD  results  of  samples 
obtained  with  a)  A1  wire  in  O2 
and  b)  Ti  wire  in  N2. 


3.  POWDER  CHARACTERIZATION 

The  powders  obtained  on  the  filter  are  analyzed  by  using  X-ray  diffraction  (XRD)  for 
evaluation  of  crystalline  structure  and  surface-area  measurement  for  estimation  of  average 
particle  size. 


Table  II  Nanosize  powders  obtained  by  pulsed  wire  discharge. 


Wire 

Ambient  Gas 
(400  Torr) 

Nanosize 

Particles 

Specific  Surface 
Area  (mVg) 

Average  Particle 
Size  (nm) 

Ti 

O2 

Ti02 

40.1 

35.3 

Fe 

O2 

Fe203 

26.9 

42,9 

Cu 

O2 

Cu0+Cu20 

16.1 

62.1 

Zr 

O2 

Zr02 

30.4 

35.6 

Mo 

O2 

M0O2+M0O3 

26.0 

49.1 

Ti 

N2 

TiN 

52.0 

21,2 

Fe 

N2 

Fe 

15.7 

48.7 

Mo 

N2 

Mo 

15.9 

41.9 

Pd 

N2 

Pd 

30.0 

16.4 

A1 

Ar 

A1 

28.9 

77.0 

Cu 

Ar 

Cu 

10.8 

62.2 
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Figure  3  shows  the  XRD  results  of  the  samples  obtained  with  a)  aluminum  wires  in  oxygen 
and  b)  titanium  wires  in  nitrogen.  The  solid  lines  of  Fig.  3  show  the  measured  XRD 
characteristics  of  the  samples  that  are  compared  with  the  JCPDS  powder  diffraction  data. 
The  SUS  peaks  are  caused  by  the  stainless  steel  holder  under  the  samples.  The  crystalline 
structures  of  the  two  samples  are  clearly  same  with  that  of  y-alumina  and  titanium  nitride, 
respectively. 

By  changing  the  material  of  the  wire  and  the  species  of  the  ambient  gas,  many  kinds  of 
powders  have  been  produced  that  are  identified  by  XRD  analysis.  Some  of  the  results  are 
shown  in  Table  II.  The  average  particle  size  was  calculated  from  the  specific  surface-area  for 
each  sample.  In  the  calculation,  it  was  assumed  that  all  particles  are  spherical. 

In  order  to  see  the  dependence  of 
the  average  particle  size  on  the  gas 
pressure,  powder  production 
experiments  with  titanium  wires  were 
carried  out  under  different  nitrogen 
pressures.  The  results  of  surface 
area  measurement  and  the  calculated 
average  particle  size  are  shown  in  Fig. 

4.  All  samples  obtained  are 
identified  as  pure  TiN  by  the  XRD 
analysis.  It  is  seen  that  the  average 
particle  size  varies  from  13  to  27  nm  as 
the  pressure  is  increased  from  100  to 
600  Torr. 
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Fig.  4  Dependence  of  specific  surface  area 
and  average  particle  size  on  N2  pressure. 


4.  CONCLUSIONS 


We  have  carried  out  demonstration  experiments  of  nanosize  powder  synthesis  by  pulsed 
wire  discharge  and  have  obtained  the  following  conclusions. 

1)  Powders  with  average  particle  size  on  the  order  of  10  nm  of  metals,  metal  oxides,  and 
metal  nitrides  are  successfully  synthesized.  All  these  powders  are  obtained  by  evaporating 
metal  wires  in  Ar ,  O2,  or  N2. 

2)  The  average  particle  size  of  TiN  powders  varies  from  13  to  27  nm  when  the  pressure  of 
the  nitrogen  gas  is  increased  from  100  to  600  Torr,  indicating  the  possibility  of  average  powder 
size  controll  by  the  pressure  of  the  ambient  gas. 

In  our  experiment,  the  powder  production  rate  was  about  5  mg/pulse  with  the  pulse  energy 
of  80  J.  Therefore,  if  this  is  done  with  a  repetition  rate  of  10  Hz,  we  can  obtain  powder 
production  rate  of  180  g/h  with  electricity  consumption  of  800  W.  This  result  clearly  offers 
new  commercial  application  of  the  pulsed  wire  discharge  to  nanosize  powder  production 
because  it  is  more  efficient  and  more  economic  than  other  physical  processes. 
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Weihua  Jiang,  M.  Hirai,  and  K.  Yatsui 
Laboratory  of  Beam  Technology,  Nagaoka  University  of  Technology 
Nagaoka,  Niigata  940-2188,  Japan 


Abstract  We  report  production  of  AIN  nanosize  powders  by  using  pulsed 
laser  ablation.  A  Nd:YAG  laser  (1.06  pm,  320  ml,  7  ns,  10  Hz)  was  used  to 
ablate  the  A1  or  AIN  target  in  nitrogen  gas  of  1 0  ~  500  Torr.  The  characteristics 
of  the  powders  were  analyzed  by  transmission  electron  microscope,  x-ray 
diffraction,  transmission  electron  diffraction  and  specific  surface  area 
measurement. 


1.  INTRODUCTION 


Nanosize  powders  are  particles  with  diameter  in  the  range  of  1  ~  100  nm.  The 
nariosize  powders  of  many  kinds  of  material  have  specific  magnetic,  optical,  chemistry  and 
sintering  properties.  These  properties  have  made  the  nanosize  powders  very  interesting 
materials  for  applications  in  magnetic  media,  catalysts,  gas  sensors,  and  other  industrial  fields. 

Nanosize  powders  can  be  produced  by  using  chemical  method.  With  the  chemical 
method,  the  nanosize  powders  can  be  produced  in  large  amount  but  with  poor  purity.  It  has 
been  realized  that  the  purity  of  nanosize  powders  produced  by  the  chemical  method  can 
hardly  be  improved  due  to  its  reliance  on  chemical  reactions.  In  recent  years,  physical 
methods,  such  as  pulsed  laser  ablation  [1]  and  pulsed  ion  beam  ablation  [2],  are  developed  for 
production  of  high  purity  nanosize  powders. 

Figure  1  shows  the  principle  of  nanosize  powder  production  by  using  the  pulsed  laser 
ablation.  When  the  high  power  laser  beam  is  irradiation  on  the  target  surface,  a  small  part 
of  the  target  material  close  to  the  surface  is  heated  to  high  temperature  due  to  very  fast  energy 
deposition  of  the  laser  beam.  It  is  vaporized,  ionized  and  expands  into  the  surrounding 
space.  If  the  surrounding  space  is  filled  with  gas,  the  ablated  material  cools  and  reacts  with 
the  gas  molecules.  The  uniform  solidification  of  the  material  results  in  nanosize  powders. 

In  this  paper,  we  report 
our  recent  results  of  AIN 
nanosize  powder  production 
by  using  pulsed  laser  ablation. 

Either  aluminum  metal  or 
aluminum  nitride  ceramics 
was  used  as  the  target.  The 
obtained  powders  were 
analyzed  by  using  x-ray 

diffraction  (XRD)  and 

transmission  electron 

diffraction  (TED)  for 

crystalline  characterization,  as 
well  as  transmission 
electronic  microscopy  (TEM) 
and  specific  surface  area 
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Fig.  1  Principle  of  nanosize  powder  production 
by  pulsed  laser  ablation. 
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measurement  for  particle  size. 


2.  EXPERIMENTAL  SETUP 

Fi^re  2  shows  the  experimental  setup.  A  Q-switched  NdiYAG  laser  (1.06  p,m,  7  ns, 
10  Hz)  was  used  to  ablate  the  target  with  an  angle  of  45  degree  to  the  target  surface. 
Nitrogen  was  used  as  the  ambient  gas.  The  pressure  was  varied  from  10  to  500  Torr. 
Throughout  the  experiments,  the  ambient  was  flowing  with  the  speed  of  INl/min  and  the 
target  was  being  rotated  to  avoid  concentrated  damage.  At  the  outlet  of  the  gas  flow,  there 
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Fig.  3  XRD  results  for  samples 
obtained  when  A1  was  used  as 
the  target. 
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is  a  nylon  filter  where  the  produced  powders  were  collected. 


3.  EXPERIMENTAL  RESULTS 
3.1  AI  Target 

Figure  3  shows  the  results  of  XRD  for  powder  samples  when  aluminum  was  used  as  the 
target.  In  Fig.  3,  the  deflection  peaks  of  SUS  (stainless  steel)  are  caused  by  the  steel  mesh 
that  was  used  as  the  supporter  of  the  particles  in  XRD  analysis.  We  see  from  Fig.  3  that, 
with  nitrogen  pressure  lower  than  60  Torr,  the  produced  particles  are  Al  or  mixture  of  Al  and 
AIN.  When  the  pressure  is  higher  than  100  Torr,  however,  the  produced  particles  are  pure 
AIN.  Therefore,  100  Torr  seems  to  be  the  minimum  pressure,  under  our  experimental 
condition,  for  the  ablated  aluminum  material  to  be  completely  nitrified. 

Figure  4  shows  the  TEM  photograph  of  the  particles  obtained  with  nitrogen  pressure  of 
200  Torr.  It  is  seen  from  Fig.  4  that  the  particles  are  around  10  nm  in  diameter.  Some 
particles  are  seen  to  be  hexagon  which  is  consistent  with  the  hexagonal  structure  of  the  AIN 
crystal.  Figure  5  shows  the  TED  pattern  of  the  particles  shown  in  Fig.  4.  The  diffraction 
rings  of  AIN  are  clearly  identified. 

Figure  6  shows  the  particle  size  distribution  obtained  from  Fig.  4.  All  particles  are 
smaller  than  25  nm  and  the  average  particle  size  is  ~  1 1  nm. 


3.2  AIN  Target 

The  results  of  Fig.  3  have  shown  that,  when  the  nitrogen  pressure  is  increased,  the 
produced  particles  changes  from  Al,  to  mixture  of  Al  and  AIN,  and  then  pure  AIN. 
However,  in  order  to  see  the  dependence  of  the  particle  size  on  the  pressure  of  the  ambient 
gas,  we  need  to  compare  the  samples  of  the  same  material.  For  this  reason,  we  used 
aluminum  nitride  ceramics  as  the  target. 


Fig.  5  TED  patterns  of  the  sample 
shown  in  Fig.  4. 


Fig.  4  TEM  photograph  of  AIN  powders 
obtained  by  using  Al  target. 
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Except  the  difference  in  target  material,  all  experimental  parameters  are  the  same  as  that 
described  above.  The  XRD  results  for  the  samples  obtained  in  nitrogen  pressure  range  of 
10  ~  500  Torr  have  shown  that  all  are  pure  AIN. 

For  each  sample,  the  specific  surface  area  was  measured  by  using  BET  (Brunauer- 
Emmett-Teller)  method.  The  average  particle  size  was  estimated  from  the  specific  surface 
area  and  the  results  are  shown  in  Fig.  7.  It  is  seen  from  Fig.  7  that,  when  the  nitrogen 
pressure  is  increased,  the  average  particle  size  of  AIN  increase  as  the  pressure  is  lower  than  ~ 
100  Torr  and  decreases  as  the  pressure  is  high  than  100  Torr. 


4.  CONCLUSIONS 

The  nanosize  powders  of  AIN  were  produced  by  using  pulsed  laser  ablation  with  either 
A1  or  AIN  target.  From  the  analytical  results  by  XRD,  TEM,  TED  and  surface  area 
measurement,  we  have  obtained  the  following  conclusions. 

1)  When  A1  was  used  as  the  target,  the  obtained  particles  are  either  pure  Al,  mixture  of  A1 
and  AIN,  or  pure  AIN,  depending  on  the  pressure  of  nitrogen  used  as  ambient  gas. 
Under  our  experimental  condition,  the  minimum  pressure  for  obtaining  pure  AIN 
particles  is  ~  100  Torr.  The  average  particle  size  obtained  at  200  Torr  is  ~  1 1  nm. 

2)  When  AIN  was  used  as  the  target,  all  samples  obtained  with  different  N2  pressures  are 
AIN.  The  average  particle  size  increases  with  the  pressure  as  the  it  is  lower  than 
100  Torr  and  decreases  as  the  pressure  is  higher  than  100  Torr. 
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Fig.  6  Particle  size  distribution 
obtained  from  Fig.  4. 


Fig.  7  Dependence  of  the  average 
particle  size  on  the  N2  pressure  when 
AIN  was  used  as  the  target. 
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BEAMS  STATISTICS 

Meir  Markovits 
Rafael,  Dept. 24,  Haifa,  Israel 

Following  Jiri  Ullschmied’s  1996  example,  some  BEAMS  eonferences  statistics  are 
presented  below,  with  details  regarding  BEAMS’98. 

The  12‘'’  International  Conference  on  High  Power  Particle  Beams  was  held  in  Haifa, 
Israel  from  June  7  to  June  12,  1998.  Previous  BEAMS  Conferences  were  held  in 
Albuquerque,  USA  (1975),  Ithaca  ,USA  (1977),  Novosibirsk,  Russia  (1979), 
Palaiseau,  France  (1981),  San  Francisco,  USA  (1983),  Kobe,  Japan  (1986),  Karlsruhe, 
Germany  (1988),  Novosibirsk,  Russia  (1990),  Washington,  DC,  USA  (1992),  San 
Diego,  USA  (1994)  and  Prague,  Czech  Republic  (1996).  The  Haifa,  Israel, 
BEAMS’98  Conference  will  be  followed  by  BEAMS’2000  in  Nagaoka,  Japan. 
BEAMS’98  was  attended  by  273  participants  from  19  countries: 

Russia  -80,  Israel -64,  USA -58,  Japan- 17,  France -9.  Czech  Republic  -  8, 
Germany -8,  China -7,  Ukraine -6,  Poland -3,  Belgium -2,  Singapore -2, 
United  Kingdom  -  2,  Yugoslavia- 2,  Brazil -1,  Chile- 1,  Holland- 1,  Italy- 1, 
and  Romania  -  1 .  Compared  to  the  attendance  list  of  the  previous  six  BEAMS 
conferences  (based  on  Jiri  Ullschmied’s  1996  table),  our  1998  “total  less  host 
country”  number  of  participants  was  surpassed  only  at  BEAMS’96,  (see  table  below). 
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17 

8 
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i 
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I 

1 

1  i 
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505  paper  abstracts  were  submitted  to  BEAMS’98  program  committee,  out  of  which 
472  papers  were  accepted  for  presentation,  and  about  460  were  included  in  the 
abstracts  book.  At  the  conference,  347  papers  were  presented  at  poster  sessions,  and 
56  papers  were  orally  presented.  To  our  disappointment,  only  240  papers  in  final  full 
format  were  submitted  for  inclusion  in  the  Proceedings.  Following  numerous  appeals 
to  the  presenting  authors  and  several  extensions  of  the  submission  deadline,  we  have 
decided  not  to  include  in  the  proceedings,  those  abstracts  for  which  presenting  authors 
did  not  submit  full  papers,  even  after  extensions  of  the  deadline. 
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